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ABSTRACT 

This course on accelerator physics is the first in a series of two, 
which is planned by the CERN Accelerator School. Starting at the level 
of a science graduate, this course covers mainly linear theory. The 
topics include: transverse and longitudinal beam dynamics, insertions, 
coupling, transition, dynamics of radiating particles, space-charge forces, 
neutralization, beam profiles, luminosity calculations in colliders, long
itudinal phase-space stacking, phase-displacement acceleration, transfer 
lines, injection and extraction. Some more advanced topics are also 
introduced: coherent instabilities in coasting beams, general collective 
phenomena, quantum lifetime, and intra-beam scattering. The seminar 
programme is based on two themes: firstly, the sub-systems of an accel
erator and, secondly, the uses to which accelerators are put. 
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INJECTION 

G. H. Rees 

Rutherford Appleton Laboratory, UK. 

1. INTRODUCTION 

Injection covers the final stage of transfer of beam from one accelerator to 
another, either from a linear to a circular machine or from one circular machine to 
another. The design aims are to achieve the transfer with little beam loss and with 
a minimum or a defined dilution of the beam emittances. 

Single turn injection schemes are relatively straightforward; beam is injected 
onto a central orbit via a septum unit and a fast kicker element, with appropriate 
matching arranged in the transverse and longitudinal planes. There should be no beam 
loss and very little emittance dilution, only that associated with transfer errors. 
For the longitudinal plane, the momentum spread (Ap/p) and phase (A<(>) parameters of 
the incoming bunch must be matched to those of the partial 'bucket' defined by the 
radio frequency fields of the ring. Successful single turn injection requires that: 

i) the stray field of the septum unit is at an acceptable level, 
ii) the kicker field is reduced to zero In a time less than a defined fraction of the 

revolution period and, 
iii)the RF system is capable of containing the transient beam loading introduced at 

the instant of injection. 

Multi-turn Injection involves more complex processes and is significantly 
different for electron accelerators than for proton or heavy Ion machines. The 
electron rings are often able to take advantage of radiation damping effects to 
increase the brightness of the resulting beam. Proton and heavy Ion machines 
generally operate at a beam brightness that is set by space charge effects. The 
final particle distributions are very different in the two cases. The electron beams 
reach a near equilibrium state where there are Gaussian particle distributions in 
both transverse and longitudinal planes. The proton and heavy ion distributions are 
functions of the details of the multi-turn process and of the space charge levels 
achieved. In recent years, proton machines have utilised a type of multi-turn scheme 
known as charge exchange injection. An injector linac accelerates H particles which 
are subsequently stripped to protons in the ring to be filled. This allows 
considerable flexibility in the injection process; below the space charge limit, the 
beam brightness may be increased by large factors, while at the space charge limit 
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there is better control of the final beam distributions. 

The hardware needed for multi-turn injection is not greatly different from that 
for single turn injection but the role of the fast kicker element is replaced by that 
of programmed orbit bump magnets. The particular case of charge exchange injection 
also requires the provision of micron or sub-mircron stripping foils. 

Historically, multi-turn injection first occurred in weak focussing 
synchrotrons, with filling of the horizontal betatron acceptance of the ring. 
Subsequently, energy ramping systems were included in the injection beam line to 
allow simultaneous filling of the longitudinal acceptance. Most alternating gradient 
machines have used multi-turn injection in the horizontal betatron plane alone; 
injection in both the horizontal and vertical planes has often been discussed but 
never utilised in practice except recently in the charge exchange injection schemes. 

Finally, mention should be made of some novel injection schemes: 

2) i) the resonant injection scheme into the Argonne zero gradient synchrotron , 
3) ii) the radio frequency stacking schemes of the MURA machines and subsequently the 

ISR, 
4) iii)the pion decay scheme for injecting into muon storage rings and, 

iv) the combined cooling and stacking process for the anti-proton accumulator ring at 
CERN 5). 

2. SINGLE TURN INJECTION 

The first requirement for the injected beam is that it be matched at the entry 
point to the ring. This means that, at the exit from the septum unit, the betatron 
and dispersion function, 

V V 8x' V Dx« V , Dy a n d Dy'' 
must be identical with the machine lattice parameters at that point. Also the phase 
space contours containing defined percentages of beam must approximate the elliptical 
contours In transverse phase space given by: 

y 2 + (« y y + e y y * ) 2 = 6 y E y (D 

x 2 + (a x + S x') 2 = 6 e C 2) 
X X X X 
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where ire , ire are un-normalised emlttance values. Similar contours exist in y x 

longitudinal space but are somewhat more complex as the synchrotron motion is 

non-linear. 

For horizontal, single turn injection, the centre of the injected beam must be 

at a distance x from the centre of the machine aperture at the exit of the septum, 

where : 

(V*!*^) •«.((f)1*(f),)~. + x (3) 
CO S 

where ire. and we are the un-normalised horizontal emittances in the injected beam 

line and the ring respectively, 

(Ap/p). and (Ap/p)„ are the momentum spread of the beam in the injection line and the x x 
ring respectively, 

x is an allowance for closed orbit deviations and clearances and co 
x is the effective thickness of the septum unit. 

Note that e may be somewhat larger than e. due to transfer errors and 
,Ap. ,Ap 
v~rvx > vTV£ d u e t o subsequent adjustments of the radio frequency fields. 

Horizontal single-turn injection is shown schematically in Fig. 1. It is 

assumed that the fast kicker is located at a point downstream from the septum unit 

with a phase shift of the horizontal betatron motion, y , between the two positions. 
x 

The injected beam must move to the centre of the aperture by the time it reaches the 
kicker and, for this to occur, the input beam divergence at the exit of the septum is 

required to be: 

x' = -(a + cot u ) x / B (4) 
X X X 

The angular deflection that the kicker must then impart to the beam for it to 

move subsequently on the central equilibrium orbit is: 

= x / */e 6„ sin u (5) yêX sin "; 

where B x is the horizontal S-function at the kicker position. 
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From (5) it may be seen that a high value of B is advantageous to reduce the 
kick angle. Also, a high value of g helps in reducing the relative contribution to 
6 due to the septum thicknes. 

For injection into a FODO lattice, as shown in Fig, 1, the septum and kicker 
units are placed just downstream of the F quadrupoles, with the kicker one cell 
downstream from the septum. 8 and B are nearly equal to the maximum 6 value of 
the cell and a is positive. In the particular case when the phase shift per cell 
is ir/2: 

U = IT/2 x 

-a x/B x x 

x / * / 6 x 6 x (6) 

Septum units may be dc septum magnets or dc electrostatic wire septa. Magnetic 
septa are the more rugged but electrostatic septa are used when It is necessary to 
reduce the fast kicker requirements. The components between the septum and kicker 
must have an adequate aperture for the transit of the incoming beam. If the 
injection energy is relatively low, It is important that there be adequate shielding 
of the beam from the septum leakage field. The sources of this stray (fringing) 
field for a magnetic septum are the magnetomotive loss field from the yoke, the gap 
between the yoke and the septum, the gaps between the septum turns and, finally, the 
cooling channels in the septum conductors. Techniques used to reduce the leakage 
field Include the use of a mild steel vacuum chamber for the region between the 
septum conductors and the beam, the use of septum magnet field clamps and the use of 
powered anti-reluctance field windings. 

Fast kicker magnets require to be switched off in times typically of 50 to 150 ns. 
The kickers are powered from pulse forming networks which are charged in the 
off-time of the machine cycle and rapidly discharged via thyratron switches when 
needed. The rise and fall times of the pulse are functions of the thyratron 
characteristics and the kicker design. Originally, the kickers have been built in 
the form of lumped delay lines which are then terminated by the characteristic 
impedance of the line. This is adequate unless undesirable beam coupling impedances 
are introduced above the cut-off frequency of the line. For a high intensity machine 
it is simpler to use a lumped kicker element fed via high voltage cables, terminated 
suitably at the end of the line as sketched in Fig. 2. Typical voltage and current 
levels during the pulse are 40 to 80 kV and 2000 to 5000 A, with magnetic field 
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levels 250 to 500 gauss. Frequently it is necessary to use ferrites to contain the 
field and the usual material is a nickel-zinc ferrite. If the ferrites are contained 
within the vacuum chamber of the machine, the out-gassing properties must be 
acceptable. The density of the ferrite must be such that its water absorbent 
characteristics are not too high and care is needed in the grinding process that no 
undesirable lubricants are used. Sometimes a ceramic vacuum chamber is inserted 
between the ferrite and the beam, with a thin conducting deposit on the inner wall of 
the ceramic. The beam coupling impedance of this arrangement must be checked because 
of possible high frequency modes in the ceramic layer. 

Septum and kicker magnets are generally much simpler to design for single turn 
injection systems than for fast extraction systems. More details of these components 
will thus be given in the discussion on extraction. 

3. MULTI-TURN INJECTION 

In the early weak focussing proton synchrotrons, injection involved a filling of 
the horizontal betatron acceptance with a large number of injected turns. The 
injection efficiency tended to be low with the beam loss mainly on the back of the 
septum. In time, injector beam currents improved and the subsequent development of 
strong focussing proton rings has generally been with a relatively small number of 
injected turns, less than ten. 

Conventional multi-turn injection employs an Input septum unit with a programmed 
orbit bump in the vicinity of the septum. The horizontal plane is favoured because 
the horizontal acceptance is larger than the vertical acceptance in a conventional 
magnet ring. A different technique is employed for electrons and positrons than for 
protons or heavier particles. 

Electrons are at a sufficient energy that space charge forces are insignificant. 
A single turn is first injected via the septum magnet after which the local orbit 
bump is collapsed slowly over a number of revolution periods. Radiation damping 
effects in the ring lead to a damping of the betatron and synchrotron oscillations 
and use is usually made of the damping of the horizontal betatron motion. After a 
few damping times, the beam bump is re-energized and a second beam pulse is injected. 
The sequence is repeated until a sufficient circulating intensity is obtained. 
Filling times for electrons are short but positron sources are not so intense and 
then longer filling times are required. Sometimes it is necessary to introduce 
special wiggler magnets in the ring to reduce the damping time and allow more 
frequent fillings. The orbit bump moves the stored beam radially to approach the 
septum but it must not be so close that the tails of the betatron distribution are 
removed by the septum. Injection into synchrotron space is also possible and has 
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+ 
been used in the e storage rings at Novosibirsk but it is not so common. 

In the case of protons or heavy ions, the orbit bump is reduced with time so 
that the early beam occupies the central region of the horizontal acceptance and the 
later beam the periphery of the acceptance. At the end of injection the beam bump 
is reduced to zero. Because of the finite thickness of the septum and the elliptical 
phase space contours of the injected beam, there must result some emittance dilution. 
If the injector emittance is ire. and the number of injected turns is n, the 
resulting emittance in the ring, even in the absence of transverse space charge 
effects, is: 

ire > 1.5 IT n e. (7 ) 
x l 

The extent of the dilution depends on the level of transverse space charge 
forces, as does the dilution in the orthogonal plane. For small space charge forces 
there should be no reduction in the vertical phase space density provided that the 
beam is correctly matched and there are no error fields in the ring that lead to 
horizontal-vertical coupling. At space charge levels approaching an incoherent tune 
shift, AO , of 0.2, there are appreciable non-linear forces and some beam loss 
results as the machine aperture intercepts the halo that develops. The usual 
operating procedure is to adjust the waveform of the beam bump power supply 
empirically to reduce the beam loss. 

It is only In recent years that large space charge codes have been developed to 
6) study the problem . These have been produced in connection with heavy-ion fusion 

storage ring drivers where loss-less injection is essential. For the space charge 
a) simulation, an initial orbit bump is defined at the septum azimuth and a K-V 

distribution is assumed for the input beam. After each revolution the orbit bump is 
adjusted to ensure that no particles are intercepted on the inflector septum. 

In a particular heavy-ion fusion example , five-turn horizontal injection has 
been studied with AQ values of 0.2, nominally. The input beam emittance, ne, has a 
value of e = 2 urad.m and the tracking is continued for twenty turns after the 
injection of the fifth turn to see how the resulting distributions evolve. Results 
are displayed in Fig . 3 where a) corresponds to the horizontal distribution after 
five-turn loss-less Injection and b) to the distribution twenty turns later. The 
horizontal acceptance required to contain all the tracked particles is found to be 
e = 30 urad.m; in the nomenclature of expression (7), e = 3ne.. A halo develops 
vertically and all of the halo particles are characterised by having been injected 
during the first turn. It is not believed that these enhanced particle motions are 
artefacts of the computer code. The horizontal and vertical emittance dilutions are 
given in Fig. 4 as a function of the turn number in the ring. The final emittance 

a) Editor's Note 
I.M. Kapchinskij and V.V. Vladimirskij, Proc. of the Int. Conf. on High-Energy Accele
rators and Instrumentation, Geneva, 1959 (CERN, Geneva, 1959) p.274. 
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is defined for this purpose as that corresponding to the matched phase space contours 
at a given location in the ring which contain a given number of particles. Thus 
solutions for 100% and 98% contours are graphed. There is evidence for strong 
non-linear coupling resulting in a very dense core of the beam in the vertical plane. 
The incoherent vertical tune shift of some particles must have been sufficient to 
cross the nearest integer and half integer resonances. If field and gradient errors 
had been included In the simulations, significantly different distributions would 
have been expected for the core of the beam. 

It appears that multi-turn injection in the presence of space charge leads to 
highly non-linear beam distributions which take time to evolve to an equilibrium 
state. Also, there results a large aspect ratio for the horizontal to vertical 
semi-axis. The use of simultaneous Injection in the horizontal and vertical planes 
has frequently been discussed but never realised in practice; there Is a difficult 
task of engineering a suitable septum magnet and the requirement of simultaneous 
orbit bumps in the two transverse planes. 

As machines have pushed to higher and higher intensities, the consequences of 
beam loss have become more and more important. The practical alternatives have been 
to raise the injection energy of a machine to reduce the tune shifts or to search for 
a scheme with a higher Injection efficiency. Fortunately for the case of protons, 
the idea of multi-turn charge exchange injection appeared in 1956 and again in the 
I960's. 

4. H~ CHARGE EXCHANGE INJECTION 

The development of intense H~ ion sources together with the idea of stripping H 
ions to protons came from Novosibirsk . ANL adopted the scheme and converted the 

9) ZGS accelerator for charge exchange injection . Following their success, H 
injection has become the preferred scheme for most high intensity proton machines. 

The constraints imposed by Liouville's Theorem on conventional multi-turn 
injection do not apply to charge exchange injection since the stripping of H~ to 
protons occurs within the acceptance of the ring. Because of this, it is generally 
possible to inject a larger number of turns. 

Though it is possible to Inject into a restricted area of the acceptance and 
allow the proton density to increase with each succeeding turn, this method is not 
adopted. The aim of the injection process Is to fill the transverse acceptances with 
an approximately uniform transverse density distribution to minimize the space charge 
forces. Such a uniform filling may be achieved by a programmed vertical steering of 
the H beam in the injection line and the use In the ring of a programmed horizontal 
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beam bump in the vicinity of the stripping foil. The oscillation amplitudes of the 
protons in the two transverse planes may then be correlated; small horizontal 
amplitudes may be linked to large vertical ones or vice versa or a range of intermediate 
amplitudes obtained. The filling of the phase space is more gradual than for 
conventional injection with no empty regions of phase space and no distinct 
boundaries between successive turns. The aim is to avoid an increased density at the 
core of the beam. 

The degree of adjustment of the horizontal orbit bump depends on the horizontal 
acceptance and on whether the machine is a storage ring or an accelerator. In 
fast-cycling synchrotrons the guide field of the ring may vary sufficiently over the 
Injection interval that a fixed orbit bump may be adequate. The main requirement for 
the bump magnet power supply then is to reduce the orbit bump to zero rapidly at the 
end of the injection Interval, typically within 100 us, to reduce the number of 
subsequent foil traversais. 

In a high intensity ring, the heating of the foil is an important consideration. 
A detailed study of the Injector dynamics is usually made in a effort to reduce the 
number of foil traversais. For the filling of betatron space alone, the number of 
traversais is related to the total number of injected turns and to the ratio of the 
injection eraittance to the ring acceptance. The foil thickness Is chosen to give a 
high stripping efficiency without introducing appreciable scattering and an increased 

_2 beam momentum spread. For 50 MeV protons, a foil thickness of 50 ug cm is adequate 
for a stripping efficiency greater than 98%, whereas for 800 MeV protons, the 

-2 thickness must be increased to 200 ug cm . Stripping to protons involves the 
removal of the two loosely bound electrons of the H ion. Removal of one electron, 
only, leads to a H° particle; for the quoted thickness, H° particles predominate over 
H ions In the small fraction not converted to protons. A variant of the stripping 
process at high energy is to first strip to H particles in a magnet with a high 
field gradient, then to inject the H° into the ring where they are subsequently 
stripped to protons by a stripping foil. 

Foil materials have usually been of polyparaxylene (ANL) or carbon (FNAL, LANL). 
At the SNS, however, where a large foil area is required, 120 mm by 30 mm, use has 
been made of an aluminium oxide foil . A technique has been developed that 
produces the large foils with a thickness of 0.25 micron and with a support backing 
of aluminium along three edges. A photograph of the SNS foil is shown in Fig. 5. 

SNS foils are prepared in the laboratory from aluminium foil of purity greater 
than 99%, thickness 127 micron and a mirror finish with few rolling marks. The 127 
microns is sufficient to provide a good support frame and the avoidance of rolling 
marks is to eliminate potential stress regions. The aluminium is masked 
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Fig. 5 Aluminium oxide stripping foil 

Fig. 6 Injection straight section for SNS 
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appropriately and then suspended in a weak electrolyte for anodising of the unmasked 
surface. A constant current source is used and the voltage builds up as the oxide 

-2 layer forms. The current density is kept below 2 mA cm to prevent stress 
developing in the oxide layer and deposition continues until the peak voltage 
available is reached. For a 0.25 micron layer the correct voltage is 190 V. After 
expelling water from the foil by heating in a vacuum oven, the foil is placed in a 3% 
bromine methanol solution and left until all the unprotected aluminium is dissolved 
away. The 0.25 micron layer remains supported by the surrounding backing material. 
Before use in the synchrotron a flashing of aluminium is deposited and one of the 
long backing edges is removed by using a special clamp and slitting one of the 
A1.0 edges with a razor blade. A refractory material such as A1.0„ is chosen to 
withstand the temperature cycling at full intensity. The H stripping and sub
sequent proton traversais cause a maximum temperature increase from 100°C to 260°C 
during the injection pulse for a 500 uA average current. This assumes that the 
stripped electrons are prevented from recirculating through the foil by adjusting 
the fringe fields of the central bump magnets. 

As an example of the arrangement of components in an injection straight section 
reference is again made to the SNS. The arrangement of four symmetrical bump magnets 
is shown in Fig . 6. These are one-turn septum magnets with ferrite yokes and the 
large apertures are a consequence of the large horizontal machine acceptance. The 
stripping foil is situated between the central two magnets and an input septum magnet 
is adjacent to the first bump magnet. The second bump magnet provides bending for 
both the input H beam and the circulating protons. At the start of the injection 
process the H and proton orbits are coincident at the foil position. All four bump 
magnets are joined in series and powered by a 1 kV, 14 000 A supply. In Fig . 6 are 
also shown diagnostics for commissioning the system; these include beam toroids, and 
scintillators which may be viewed by TV cameras. Different scintillators are used to 
view the input H beam (stripping foil removed), the resulting proton beam after 
stripping and the H° beam. 

5. INJECTION FROM A CYCLOTRON INTO A SYNCHROTRON 

Charge exchange injection may again be used if the cyclotron accelerates and 
extracts H ions. Such a system is under study for a possible kaon factory at 
TRIUMF. The cyclotron injects H into an accumulator ring which is filled over the 
entire period of a 60 Hz cycle. The long injection interval puts severe demands on 
the stripping foil because of the long periods over which foil traversais may occur 
and the consequent foil heating. 

To reduce the number of foil traversais to an acceptable level It is necessary 
to use a combination of stacking in both betatron and synchrotron .space . The 
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betatron stacking is again obtained by the use of a programmed beam bump and a 
possibility for the synchrotron stacking is to use appropriate frequency and phase 
modulation of the RF system. 

Initial studies indicate that it may be best to mismatch the Input beam for 
betatron and synchrotron motion. Injection begins with the maximum orbit bump and 
with the accumulator radius and RF frequency set for a maximum off-momentum orbit. 
The foil width is kept to a minimum by adjusting the injection line for zero 
dispersion at the foil even though the ring has finite dispersion at this point. As 
injection continues the orbit bump is reduced and the frequency and phase of the RF 
are adjusted to shrink the equilibrium orbit towards the central orbit. The 
horizontal betatron and synchrotron amplitudes thus increase as injection proceeds. 
Finally, the full betatron and synchrotron acceptances are filled and both the 
betatron and synchrotron motion assist In reducing the number of foil traversais. 

Important parameters in the design of such a system are the ratio of the 
injection emittance to the ring acceptance, the input mismatch in horizontal betatron 
space and the ring lattice parameters at the vicinity of the foil. A special ring 
insertion may be used for the injection straight where the parameters are optimised 
for injection. There appear to be advantages for the following ring lattice 
parameters at the foil: 

D ' = a x x 

D (̂ ) > VTT 
X p X X ( g ) 

where (—*-) is the maximum (—2-) and E is the ring acceptance. Thus a suitable 
P P x 

insertion is one where the stripping foil is located symmetrically between two F 
quadrupoles and where there is a relatively high value for the dispersion. The first 
F quadrupole assists in bending the input H beam and an orbit bump Is readily 
obtained by using two bump magnets in conjunction with the two F quadrupoles. The 
stripping foil needs to be supported along three edges so the vertical motion does 
not contribute to the avoidance of traversing the foil. 

6. NOVEL INJECTION SCHEMES 

These are mentioned only briefly :-

2) i) The ZGS type of resonant injection scheme employs a fast kicker plus bumper 
magnets with dlpole, quadrupole and octupole fields. A separatrix results with 
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two stable regions, separated by an unstable fixed point; into one stable region 
beam is injected, in the other are the previously injected pulses. The fields 
are adjusted to merge the beams after which the injection condition is re
established. In principle there should be no dilution of the betatron phase 
space density. 

3) ii) Stacking by means of radio frequency fields provides filling of the 
longitudinal phase space. The scheme has been used routinely at the ISR. On 
successive cycles, buckets are deposited at the stacking radius; particles 
already stacked are displaced to make room in phase space for the newly arriving 
particles. 

iii) Injection into muon storage rings ' is envisaged as following pion-muon decay. 
The pion decay may occur in the injection channel or within one turn in the 
storage ring. For the decay to occur within the ring, the momentum acceptance 
should be greater than the pion decay width and be matched to that of the 
injection channel. A lithium lens and matching elements are required. Muons 
are stored for the muon lifetime after which they decay to provide neutrinos. 

iv) For the antiproton accumulator , each injected antiproton pulse is first 
subjected to fast longitudinal cooling. Then it is deposited by the RF system 
at the high momentum edge of the stacked beam after which it undergoes 
stochastic cooling to make phase space available for the next injected pulse. 
In this manner 36 000 pulses are injected over a 24 hour period. Also required 
are two horizontal and two vertical betatron cooling systems. 

* * * 
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EXTRACTION 

G. H. Rees 

Rutherford Appleton Laboratory, UK. 

1. INTRODUCTION 

Extraction is the mechanism used to remove beam from an accelerator. Beam 
emerges automatically from linear accelerators but a number of different techniques 
are employed to eject beam from circular machines. 

The simplest technique is where the charge state is changed so the beam is bent 
directly out of the ring. Such a technique is confined to low energy machines; an 
example is H acceleration in a cyclotron followed by foil stripping to protons at 
the extraction radius. Another simple method is the use of internal targets to 
scatter beam, either directly out of a ring or via a septum extraction magnet. The 
early weak focussing proton synchrotrons made use of this last scheme In Piccionl 
extraction systems '. The loss of particle energy in the scattering target led to an 
induced radial betatron oscillation which allowed beam to jump the septum. Modern 
accelerators avoid the use of such internal targets because of the associated 
activation; clean extraction has become a necessity as particle energies and 
intensities have increased. Typical ejection efficiencies now achieved are 100% for 
carefully designed cyclotrons, 100% for fast extraction from synchrotrons and 99% for 
slow resonant schemes from synchrotrons and stretcher rings. 

Fast one-turn extraction is employed in the transfer of beam from one circular 
machine to another. An example is in the box-car stacking of a main ring from a 
booster injector. Sometimes bunch by bunch transfers are made and then the fields of 
the fast kicker magnets must have both rapid rise and fall times. 

Experimental facilities generally use slow extracted beams though exceptions are 
to be found in the fast extracted beams for pulsed neutron sources and neutrino 
factories. An optimum slow extracted beam has a smooth, uniform spill and such a 
beam may be provided by controlled excitation of a non-linear betatron resonance in 
the ring. 

Many features of extraction are the reverse process of Injection. However, one 
difference between the two systems is that injection Is usually dominated by space 
charge effects whereas extraction occurs at higher energies so that space charge is 
unimportant. The higher energy may lead to more complex hardware development. 
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Extraction systems often influence strongly the overall design of a machine. 
There must be sufficient straight section space for the system components and 
adequate apertures for the perturbed beam. The magnet lattice may include special 
insertions to house the extraction elements. It is also possible to design hlgh-S 
insertions that magnify the betatron motion in the vicinity of the first extraction 
septum. This improves the extraction efficiency for it Is equivalent to reducing the 
effective thickness of the first septum which Is a thin wire electrostatic unit. The 
extraction channel contains one or more septum magnets downstream of the electro
static septum, providing enhanced deflections. A machine may adapt its extraction 
channel for both slow and fast extracted beams. 

In a conventional magnet ring it is more common that slow extraction is in the 
horizontal plane. In a superconducting ring the alternative of vertical extraction 
merits equal consideration. 

2. FAST EXTRACTION 

The first stage of fast extraction Is the powering of orbit bump magnets to 
steer the beam slowly to lie adjacent to the first of the extraction septum elements. 
This is followed by the energising of a fast kicker magnet in the time interval 
between two successive circulating bunches, typically 50 to 150 ns. The duration and 
switch-off time of the kicker pulse depend on the mode of fast extraction. For 
one-turn extraction, the pulse duration Is the revolution period and the switch-off 
time is arbitrary. For bunch by bunch extraction, the pulse duration Is the bunch 
repetition period and the fall time of the pulse has to be as rapid as the rise time. 
The kicker field deflects the beam into the extraction channel where it receives a 
sufficient angular deflection to leave the machine. 

As for fast injection, the kicker must deflect the beam by: 

0 = X//B B* sin u (1) 
X X X 

where, f$ , B„ are the lattice B-functlons at the kicker and first septum unit 
respectively, 

u is the betatron phase shift between the kicker and septum and, 
x is the displacement required at the septum. 

The initial slow orbit bump is used to reduce the value for x. 

In a FODO lattice the kicker Is positioned just upstream of an F quadrupole and 
the first septum is one cell downstream from this point. The optimum phase shift per 
cell is then */2. 
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The simplest fast kicker conceptually is a pair of metal plates, one on each 
side of the beam, all contained in a grounded enclosure and with the two plates fed 
by push-pull voltage pulses formed from pulse forming networks and switches. If each 
plate is terminated by its characteristic impedance, Z , there will be no reflected 
pulses and the time to establish the full deflecting field is the time taken to fully 
close the switches plus the transit time down the system, of assumed length, J.. The 
system is fully defined by the following expressions: 

F = eV(l ± g)/h 

6 = FSVpBc 
(2) 

T = l/c 

I = V/2Z o 

where, F is the sum of the electric and magnetic deflecting forces, 
± V/2 are the pulsed voltages on the plates, 
h is the plate separation, 
p is the particle momentum, m cBY, and 
T is the transit time down the line. 

The positive sign in the term (1 ± B) applies to the case of particles travelling in 
the opposite direction to that of the voltage pulses. The electric and magnetic 
forces are essentially equal for relativistic particles. In general, such a system 
requires large values of V and I to provide adequate deflections, 9. 

Most operating systems employ a ferrite yoke for the fast kicker to enhance the 
magnetic deflection. In this case the relevant formulae are, for a single turn, 
push-pull kicker of length I, width u and gap g, fed with voltage pulses ± V/2 
through cables of impedance Z : 

F = elBu c/g 

L — 
U <D&/g 

T 
r 

= L/Z 
0 

I = V/Z o 

(3) 
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When the pulses are reflected at the kicker, the voltage levels first double to± V 
and then decay with the time constant T . After a time of approximately 4T , the 
voltage falls below ±V/50 and the kicker current rises to above 0.98 V/Z . Then the 
magnetic field should be constant to better than ± 1% for the remainder of the pulse. 
A lumped kicker system of this type is used at the SNS synchrotron ' with 
4T = 200 ns. The pulsing system is shown in Fig. 1 and includes a pulse forming 
network with resonant charging system, a coaxial switch employing a double ended 
deuterium thyratron, the CX 1168E, the feeder cable Z and a terminating resistor Z 

o o 
at the sending end of the cable. During acceleration in the SNS, the switch is open 
so that each kicker plate is in parallel with a matched cable. The yoke of the 
ferrite kicker has a window frame design but is separated at the mid-plane by a 
copper ground plane which extends for the full length of the unit. This arrangement 

31 
provides a very low longitudinal coupling impedance for the circulating beam . In 
practice the output stages of the pulse forming network are modified to enhance the 
overall system rise time. Fig. 2 shows the SNS coaxial switch housing. 

The SNS type kicker is not suitable for bunch by bunch extraction as there are 
some small reflected pulses after the main pulse. In this case, a matched kicker 
system must be used, with the kicker inductance forming one element of a low pass 
filter which is terminated by its characteristic impedance. A pulse forming network 
charged to a voltage V, when discharged into a matched load, provides a voltage pulse 
V/2 for a time equal to twice the transit time of the network. The impedance of the 
PFN is made equal to that of the kicker system so that the kicker excitation current 
is V/2Z . o 

If very fast rise and fall times are a requirement it may prove necessary to 
replace the thyratron switch by a triggered spark gap and to subdivide the kicker 
into shorter length sections. Each individual kicker may also be modified to form a 
delay line unit with lumped capacitors introduced between the short ferrite sections. 
Many kickers have adopted this design; for example, the proposed beam abort system for 
ISABELLE '. Care must be taken with the high frequency performance of delay line 
kickers for above the cut-off frequency of the line the kicker may present an 
undesirable transverse beam cot 
instability in the KEK booster" 
undesirable transverse beam coupling impedance. Such a design led to transverse 

.5) 

3. SLOW EXTRACTION 

Slow extraction is achieved by controlled excitation of a non-linear betatron 
resonance of the ring, often a third integer resonance. An alternative is the choice 
of a linear second order resonance but with some non-linearity introduced by the 
inclusion of magnetic octupoles. 
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The efficiency of slow extraction depends on the thickness of the first ejection 
septum as compared to the growth of the resonant betatron amplitudes in the final few 
turns before extraction. The first septum is thus made as thin as possible and is 
aligned very carefully whereas the maximum growth per turn is obtained for the 
available aperture and for the actual beam emittance. The larger horizontal than 
vertical aperture of a conventional magnet ring favours the choice of a horizontal 
slow extraction system. 

A higher extraction efficiency may be obtained of course at the expense of a 
larger machine aperture but a better solution for a high energy machine is to amplify 
the betatron motion in the vicinity of the first septum by the use of a special 
hlgh-6 insertion in the lattice. 

The growth in amplitude of a particle depends on its momentum, its initial 
amplitude and its proximity to the resonant tune value. The distribution of initial 
amplitudes and momenta allows a programmed or a servoed control of the beam spill. 

The simpler case of the third integer resonance will be reviewed here. The 
resonance is defined by the expression 30, = n, where the factor 3 arises from the 

h 
sextupole fields that excite the resonance and the integer n from the nth Fourier 
harmonic component of these fields. In the vicinity of the resonance line there is a 
small range of tunes over which there is resonant betatron growth. The width of the 
stop-band is a function of the horizontal emittance and at the edge of the band it is 
only the maximum amplitude particles that are unstable. A stable region of 
horizontal phase space is defined within three linear séparatrices and the area of 
this region may be reduced by increasing the strength of the sextupoles or by 
adjusting the tune to approach 3Q = n. 

h 
The extraction parameters may be derived as follows. The equation of motion in 

the presence of a sextupole distribution is, neglecting the y (vertical) dependence 
of the motion: 

d 2x/ds 2 + K(s)x = - [B (s)/2Bp] x 2 (4) 

where, x is the horizontal betatron motion, 
s is the azimuthal length measured along the orbit, 
K(s) are the normalized focussing gradients of the lattice elements, 

[B (s)/2Bp] are the normalized strengths of the sextupole lenses and, 
Bp is the magnetic rigidity of the particles. 

>i 5/2 
If A is the amplitude of the nth harmonic component of [B /2Bp]Q8 and 
a(s), B(s) are the horizontal lattice parameters, then a first transformation, 
u = x//jf and • =5ds/QB, leads to: 
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d2u/d<(>2 + Q2u = -A Qu2 cos Cti* + *) (5) 
n 

du/d* = Q(ax + Bdx/ds)//fT = Qp (6) 

u 2 + p 2 = (x 2 + (ax + Bdx/ds)2)/e (7) 

Only the nth harmonic component of the sextupole excitation has been included in (5). 
The resonance may now be interpreted as a harmonic oscillator driven by a non-linear 
force containing the frequency components (n + 2Q) and with the resonance at 
Q = n - 2Q. 

In the absence of the sextupoles, the parameters u and p describe simple 
harmonic motion with circular trajectories in (u,p) space. The radii of the circles 
are given by /e where e is the invariant emlttance term. The motion is clockwise 
with Q oscillations as <t> advances by 2TT. 

In the presence of the sextupoles and when not exactly on the resonance, the 
motion in (u,p) space is little changed at small amplitudes. At larger amplitudes, 
however, the motion is perturbed, approaching a triangular shape near the 
séparatrices which are shown in Fig. 3 for 3Q > n. The actual orbits may be 
obtained from tracking codes and it may be confirmed that at the largest stable orbit 
the tune equals the resonant value. An unstable particle moves out along a 
separatrix, one turn later it is at the next and after every third turn it returns to 
its initial separatrix. Tracking of such particles provides the final distribution 
at the aperture of the electrostatic septum. Before tracking it is customary to 
search for the three unstable fixed points at the intersection of the séparatrices. 

A suitable transformation is: 

/J7 2 

-1 ( 8 ) 

Y = n<f>/3 + tan (p/u) 

Then, Y = [n/3 - Q] * (9) 
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On the resonance, the linear motion in (r,Y) space is stationary so the actual motion 
represents the non-linear, off-resonant effects. The unstable fixed points are given 
by dr/di)> = dy/d* = 0. 

r dr/d* = Q up + [p/Q][d2u/d$2] (10) 

0 9 
d Y/d* = n/3 + cos 2 [ Y - n*/3] j i i | - S L - J (11) 

d<j> u 

Subs t i t u t i ng from (5) and (6 ) : 

dr /d* = - [ A n r 2 / 8 ] s in [3y + *] (12) 

dy/dcfr = [^ - Q] - [A r / 8 ] cos [3y + 1>] (13) 
J n 

Se t t ing (12) and (13) to zero gives the unstable fixed po in t s : 

Y = ~*/3 + [0, - 2 n / 3 , - W 3 ] (14) 

[ | - Q ] 8 / A n (15) 

The derivation for the fixed points retains only the slowly varying terms and 
omits the rapidly oscillating components which average to zero. Referring to Fig. 3 
and to the expressions for the fixed points, it may be seen that the orientation 
and size of the triangle ABC is determined by the phase and amplitude of the nth 
harmonic A , together with the distance from the resonance. For the optimum n 
condition, i|> - y and this is arranged by adjusting the sextupole distribution. The 
growth of amplitude is then given by: 

dx/d<ti = - A n (x2 - x 2) / a/fi (!6) 

Ax (for 3 turns) = 6Tr(dx/d<j>) (17) 
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where x is the displacement of the unstable fixed point and <f> changes by -6ir every 
third turn. 

A slow spill may be controlled by adjusting the tune either directly or 
indirectly (via beam steering and the chromaticity) or by increasing the sextupole 
strength. A convenient method is to use constant strengths for the sextupoles and to 
then steer the beam so that different momentum particles move progressively on to the 
resonance. Extraction begins when the beam emittance fills the triangular stable 
area for one end of the momentum distribution. The stable area then slowly shrinks 
to zero for these particles and other regions of the momentum distribution are 
subsequently extracted. All particles are extracted provided the steering is 
sufficiently slow. If that is not the case, some low amplitude particles may get 
contained within the stable area that is re-created before extraction occurs. This 
feature sometimes leads to the choice of a half integer resonance in place of the 
third integer if a relatively short spill is required. 

4. SEPTUM UNITS 

For a slow extraction efficiency of greater than 98%, the effective thickness of 
the first septum unit must be approximately 0.1 mm. This may be realised by a very 
carefully aligned electrostatic septum, formed from a grounded array of tungsten 
wires of thickness 0.05 mm and spacing 1 mm. An early design of such a unit is 
reported from FNAL 6'. 

Individual wires are tensioned to prevent any sagging under the heat load 
resulting from collisions of intercepted beam particles. The wires are at one edge 
of the machine aperture and are adjacent to a negatively charged cathode which forms 
the outer boundary of the septum aperture. Practical operating conditions are 200 kV 
dc. across a 20 mm gap, corresponding to an electric field of 10 MV m . The ripple 
in the field due to the wire spacing has a negligible integrated effect. For high 
energy particles the resulting deflections are small and enhanced deflections are 
obtained in a thin septum magnet positioned downstream in the shadow of the wire 
septum. 

The extraction channel may include a number of septum magnets with the number 
depending on the energy of the extracted particles. The septum magnets may be one of 
two types, Lambertson iron septum dipoles" or current carrying septum dipoles. The 
former are generally the more rugged in service. Design of septum magnets Involves 
analysis of field uniformity, end-fields, leakage fields, vacuum properties, cooling, 
corrosion, insulation, radiation resistance, forces, expansion, clamping and 
electrical powering. In the case of pulsed septum magnets, the effect of eddy 
currents must also be assessed. General design features are reviewed in the 
literature 8 '9^. 
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A Lambertson iron septum dipole is shown in Fig. 4. It has a window frame 
design with a triangular cut-out on one limb of the yoke. Assuming that the magnet 
is excited to saturation in this limb, the angle of the cut-out then determines the 
dc deflecting field B. In Fig . 4 the beam is shown as being deflected horizontally 
into the septum aperture but it then provides a vertical deflection to the extracted 
beam. A correction winding may be added to the lower limb and used to control the 
leakage field in the cut-out region. 

A current carrying septum magnet with gap height g, septum thickness t, ampere 
turns NI and current density J provides a deflecting field: 

B = u Ni/g = u Jt (18) 
o o 

For a 10 mm septum with integrated cooling, the maximum dc. value for J is 
-2 approximately 80 A mm so the peak dc magnetic field is 10 kG. On the other hand, a 

-2 2 mm septum, even with edge cooling, has J reduced to 10 A mm and the the dc. field 
to 0.25 kG., Thus the 10 mm septum may be operated in a dc. or pulsed mode but the 
2 mm system is only practical for pulsed operation. Then it may achieve 5-10 kG 
fields. 

A single turn septum may be fitted tightly into the gap at the outer end of a 
C-type yoke. If the core permeability is high and the current sheet has a nearly 
uniform value of J, there is little leakage flux outside the gap except at the magnet 
ends. To achieve a uniform J in a thin edge-cooled septum, the septum is profiled to 
provide compensation for the high temperature gradient. 

A multi-turn septum has inter-turn insulation and integrated cooling. The gaps 
for the cooling channels and for the insulation contribute to the leakage field ' 

outside the magnet. A current in an anti-reluctance winding may be used to 
partially compensate for this field. For low energy machines it may also be 
necessary to introduce a magnetic shield between the septum and the circulating 
beam. The stray field may be analysed in terms of its dipole and higher order field 
components. In the case of vertical extraction, the dipole component is horizontal, 
leading to vertical closed orbit deviations in the ring during acceleration. Also 
the higher order terms are skew field components so that special skew correction 
lenses may have to be added to the ring. 

The winding insulation may be Kapton, epoxy resin, glass-mica or alumina. The 
choice depends on many factors: whether the septum magnet is in vacuum or not, the 

vacuum requirements of the ring, the beam extraction energy and the level of beam 
intensity. For high intensity, radiation resistant properties are important. Fig. 5 
is a photograph of a septum magnet in which the winding has been plasma sprayed 
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with radiation resistant alumina. It is in Its undamped position and in use is 
clamped around the vacuum pipe. 

The design of pulse septum magnets is more complex because of the extra forces 
involved and also the eddy current effects. An interesting transformer type design 
has been used at ANL '. 

* * * 
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BEAM TRANSFER LINES 
P.J. Bryant 
CERN, Geneva, Switzerland 

ABSTRACT 
After making some distinctions between transfer 
lines and circular machines, certain problems, 
typical of the type met by a transfer line 
designer, are discussed. The topics chosen 
include: measurement of emittance and mis
match, steering, setting tolerances for magnet 
alignment and excitation and lastly beam blow
up due to scattering in thin windows and 
screens. 

1. DISTINCTIONS BETWEEN TRANSFER LINES AND PERIODIC CIRCULAR MACHINES 

Transmission of the position-velocity vector of a particle through a 
section of a transfer line or circular machine can be simply represented by 
a 2 x 2 matrix (Fig. 1 ) . 

entry 

y. 

section 
• • o f line 

Fig. 1 Transmission through a section of line (linear optics) 

\y'J \c s1/ \y'J U2 \y ( i : 

The transfer matrix can be found by multiplying together the transfer 
matrices for the individual elements in the appropriate order. The indi
vidual matrices have the form, 

s cos (or cosh) $ — sin (or s i n h ) ^ 

sin (or sinh)<t> cos (or cosh)<(> (2) 
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where 

4> = s/\K\ and | K | = | 
1 d B z 1 
Bp dx 2 P 

in accordance with the earlier lectures by K. Steffen in these proceedings. 

However, we often use a parameterized form for the matrix for a 
section of line, which was also given by K. Steffen. 

'1+2 

2. t c o s A<t> + a i s i n ATI / p l P 2 s i n A* 

( l + a 1 a 2 ) s i n A ( | i + (a2-« l )C0SA<|> /[£ H . o s & 
- i / ( 3 ) 

/PTP2 
4> - ct2 s i n Ai| 

In the first case of Eq. ( 1 ) , the matrix is unambiguously determined, 
but in the second case of Eq. (3), there are in fact an infinite number of 
sets of parameters (Pi,P2i<*i»<*2 and A<tO, which satisfy the numerical values 
of the matrix elements. 

This is the root of an important difference between circular machines 
and transfer lines, which sometimes leads to confusions. 

1.1 Circular machines 

A circular structure has an imposed periodicity, which imposes the 
same periodicity on the parameters a and B and in fact determines them 
uniquely. If one samples the co-ordinates of an ion after each successive 
turn in a circular machine, the points will fill out an ellipse in phase 
space ( y , y ' ) . Only one set of a and B values fit that ellipse. It is the 
periodicity of the structure which makes it possible for that specific 
ellipse to be returned unchanged turn after turn and for this reason it is 
called the matched ellipse. Now suppose one injects a beam of particles, 
whose spatial distribution defines a different ellipse (see Fig. 2) charac
terized by some other parameters, say a* and p*. The circular machine will 
not faithfully return this ellipse after each turn. Instead the ellipse 
will tumble round and round filling out a much larger ellipse of the 
matched ellipse form. 

In a truly linear system, the original ellipse will tumble over and 
over indefinitely inside the matched ellipse conserving its elliptical form 
and area, but in a practical system small non-linearities will cause an 
amplitude frequency dependence, which will distort the ellipse as also 
shown in Fig. 2. Liouville's theorem requires the phase-space density to 
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be conserved and in a strict mathematical sense this is true, since as the 
figure becomes more wound-up the spiral arms become narrower and the area 
is indeed constant. However, it does not take long before the beam is 
apparently uniformly distributed over the matched ellipse and for all prac
tical purposes the beam emittance has been increased. This is called di1u-
tion of phase space by fi1amentation, which is present to a greater or 
lesser extent at the injection into all circular machines. 

Since fi1amentation will quickly transpose any beam ellipse into the 
matched el 1ipse in a circular machine, there is no point in using any a and 
p values other than the matched ones. 

Since a and p depend on the whole structure any change at any point in 
the structure will in general (matched insertions excepted) change all the 
a and p values everywhere. 

1st turn 

1 Matched ellipse 2 Unmatched beam 

3Filamenting beam A Filamented beam 

Fig. 2 Matched, unmatched and filamenting ellipses 
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1.2 Transfer lines 

In a transfer line, there is no such restriction. The beam passes once 
and the shape of the ellipse at the entry to the line determines its shape 
at the exit. Exactly the same transfer line injected first with one emit-
tance ellipse and then a different ellipse has to be accredited with dif
ferent a and p functions to describe the two cases. Thus a and p depend on 
the input beam as well as the structure. Any change in the structure will 
only change the a and p values downstream of that point. There is an 
infinite number of sets of a and p values, which can be used to describe 
the motion of a single ion in a transfer line (see Fig. 3) and the choice 
of a particular set depends on the input ellipse shape described by all the 
particles in the beam. 

( 

0*i >/0-^ 
Entry 

/ y < 

Exit 

y 

(<*-JyS>) 

/C s \ 
\ r s y 
<z s 

Numerical coefficients of the matrix remain the same 

Fig. 3 Two ellipses from the infinite set that include the test ion 

Thus, if you are given a circular machine you can immediately deter
mine the a and p functions, but for a transfer line you need an external 
criterion to help you decide, such as the matched ellipse of a circular 
machine at the entry or exit to the line. The underlying transfer 
matrices, however, depend solely on the structure and never change. 

This has some important consequences for emittance measurements, 
position of monitors, matching, aperture calculations and so on. 

2. ORBIT CORRECTION IN TRANSFER LINES 

Orbit correction, or steering, is basically straightforward in trans
fer lines, whereas in circular machines we could fill an entire course on 
the subject. 
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The usual philosophy is illustrated in Fig. 4. 

steering dipole 

1 1 * 1 
T H T T T T 

(i) Entry (ii) Stepwise steering in central (iii) Doublet for position 
diagnostics section of line and angle steering 

at exit 

Fig. 4 Basic layout of diagnostic and correction elements for transfer 
line steering 

(i) At the entry to the line, it is useful to have a very clear diag
nosis of beam position and angle and qualitative information on the 
shape, since this is usually the ejection from an accelerator and 
often a boundary of responsibility between groups. A pair of pick
ups and knowledge of the transfer matrix between them is in prin
ciple all that is needed to find the entry angle and position, but 
in practice, the precision and reliability of this measurement and 
its credibility as a diagnostic tool are greatly improved by having 
only a drift space between the pickups. The qualitative knowledge 
of the beam shape is most easily obtained with a luminescent screen 
and is of obvious diagnostic use. The quantitative information on 
beam shape, i.e. emittance and matching considerations are treated 
i n Sect ion 4. 

(ii) In the central section of the line, steering magnets are paired with 
pickups approximately a quarter betatron wavelength downstream, so 
that the trajectory can be corrected stepwise along the line. 

(iii) At the exit to the line, the last two dipole correctors are used as 
a doublet to steer the beam to the angle and position, dictated by 
the closed orbit of the following accelerator or by a target. For 
maximum sensitivity, the dipoles should be approximately a quarter 
betatron wavelength apart. 
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The horizontal and vertical planes should be independent for correc
tion elements. For example, tilted dipoles are sometimes used in the lat
tice of a transfer line, but correction coils for steering should be 
avoided on such magnets. Skew quadrupoles are occasionally used to inter
change emittances between the horizontal and vertical planes. Such inser
tions also exchange the planes for steering. While being novel, this is 
quite acceptable, as long as no corrector is placed inside the skew quadru-
pole insertion, which would cause a coupling of its effect to both planes 
rather than a simple exchange. 

Some care is needed in positioning elements for the best sensitivity. 
The monitor controlling a steering magnet should be on the adjacent peak of 
the downstream beam oscillation (see Fig. 5 ) , i.e. for the section of line 
from the steering dipole to the pickup, the matrix element b in Eq. (1) 
must be relatively large or in other terms A<|> = u/2 in Eq. ( 3 ) . 

y 

Fig. 5 Positioning of correction elements 

The monitors and magnets should be sited near maxima in the $-
function, since these are the most sensitive points for controlling and 
observing. This depends on the choice of input beam ellipse. 

Monitors can also be profitably placed in bends at points where off-
momentum particles would have their maximum deviations. Using three well-
placed pickups a bend can be used for momentum analysis. 

The simple linear matrices make the analysis of such systems very 
easy. 

In a long line, a global correction may well be possible, followed by 
an exact beam steering at the end using two dipoles. 



Î L M M TftAMSFER OBSERUATICM PULSE NB: 1 5 1 1 RUN- 1318 6 3 - 1 1 - 1 ? 2 0H18H3SS 
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Fig. 6 Trajectories in the TT6-TT1 Antiproton transfer at CERN 
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Figure 6 shows computer output of the beam trajectory in the TT6-TT1 
antiproton transfer line at CERN. The first two pickups measure the 
incoming angle and position in both planes. These pickups are separated by 
exactly 10.75 m of free space. 

The next two pickups are in a long bend and act as a momentum 
analyser, in conjunction with an angle and position measurement made using 
the first two pickups. 

The remaining pickups have associated steering magnets. 

At the end of the line two dipoles match the beam to the ISR's closed 
orbi t. 

For the example shown in Fig. 6, it was found that a single corrector 
could virtually correct the whole trajectory with the result shown in 
Fig. 6. 

This type of correction is only practical with non-destructive pick
ups, which reliably record the complete trajectory in one shot, and an on
line computer for logging, display, analysis and application. 

The TT6 line achieved 0.1 mm accuracy with as little as 1 0 9 parti
cles. All readings were logged and stored for trends, for later analysis. 
The steering magnets were also equipped with Hall probes (temperature 
stabilized to ±0.1 °C for outside ambient temperatures 15 °C to 34 ° C ) . 
These probes made relative field changes extremely accurate, eliminating 
any hysteresis errors. This rather careful approach was justified by the 
scarcity of antiprotons and since setting-up could not be done with the 
reverse injection of protons. 

3. MATCHING TRANSFER LINES 

Ideally long transfer lines comprise a regular cell structure over the 
majority of their length with matching sections at either end to co
ordinate them to their injector and user machines. The regular part of the 
structure is then regarded as periodic and the simple FODO cell theory, 
given in earlier lectures by K. Steffen, applies. Usually thin-lens formu
lae are quite sufficient. The matching sections are complicated and a com
plete course could be given on this. Basically one needs to match p, a, D, 
D' in both planes. In theory eight variables, that is eight quadrupole 
strengths and sometimes positions, need to be adapted. Some analytic solu
tions exist, but usually one uses a mixture of theory, intuition and compu
ter optimization programmes. Some of these problems are dealt with in the 
lecture on insertions by K. Steffen. 
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4. EMITTANCE AND MISMATCH MEASUREMENT 

With semi-destructive monitors, such as secondary emission grids or 
digitized luminescent screens, a density profile can be obtained for a 
beam. This profile is a projection of the population of the phase space 
ellipse of the beam onto the transverse co-ordinate axis. In general the 
profile is a near-Gaussian, but this is not really important for the fol
lowing (see lecture by K. Potter in these proceedings "Luminosity Measure
ments and Calculations" where the representation of distribution is dis
cussed). From the profile, the standard deviation of the distribution, a 
can be found and this can be used to define a beam width, W. As was 
explained in the lectures by E.N. Wilson in these proceedings, W is then 
used to define the emittance e, but unfortunately several definitions are 
current. 

MT- = 

r (n)(2o) 

L U) 

Mostly used in proton machines, 
with or without % 

Mostly used in electron machines, 
usually without % 

(4] 

Somewhat arbitrarily, e = n(2<j 2)/p will be used in this paper. 

If p is known, then a single profile measurement determines E by Eq. 
(4), but as can be understood from Section 1.2, it is not easy to be sure 
which p to use, or rather, whether the beam that has been measured is 
matched to the p-values used for the line. Indeed, the measurement of any 
mismatch is as important as the emittance itself. This problem can be 
resolved by using three monitors (see Fig. 7 ) , i.e. the three width 
measurements determine the three unknowns a, p and e of the incoming beam. 

Fig. 7 Layout for emittance measurement 
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By definition , Eq. (4), 

W 4 W' 
o ; 

e = it -T— = n PO Pi P2 
(5) 

where Po, Pi and P2 are the p-values corresponding to the beam and are 

therefore uncertain. 

We may not know p and a, but since we know the transfer matrices, we 
know how p and a transfer (see lectures by K. Steffen in these 
proceedi ngs ). 

) z -2CS S z 

-CC CS+SC -SS' 

: i 2 - 2 C S ' S' 2' 

(6) 

where y = (1 + a )/p. 

Thus, from Eq. (6) 

»2 = C 2 p 0 - 2 C 2 S 2 a 0 + ~ (1 + a 2) 
2 P O O 

(7 ) 

i l = C 2po - 2 C 1 S i a 0 + ~ ( 1 + a 2 ) 
1 P0 0 

(8 ) 

and f rom Eq. ( 5 ) , 

Po = « — (9) 

&) Pc ( 1 0 ) 

P2 (ÏJ) Po ( I D 

From Eqs. (7 ) and ( 8 ) , we can f i n d ao and us ing Eqs. (10) and ( 1 1 ) , we 

can express ao as , 

1 
ao = 2" Po r ( 1 2 ) 

where 
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( W 2 / w 0 ) 2 / S 2 - ( w 1 / W 0 ) 2 / S i - ( C 2 / S 2 ) 2 + ( C i / S i ) 2 

( C i / S J - ( C 2 / S 2 ) (13] 

Since r is fully determined, direct substitution back into Eq. (7) or 
Eq. (8), using Eq. (10) or Eq. (11) to re-express $i or p 2, yields po> 
which via Eq. (9) gives the emittance, 

1/2, 
e = (*»r) \[{v1/\i0)2/sl - ( C i / s ^ 2 + ( C j / s j r - r 2 / 4 ] 

0 I 2 2 2 2 2 2 
(14A) 

where 

Po = 1/ [ ( W i / w o ) 2 / S ? - ( C i / S i ) 2 + ( C i / S x J r - r 2 / 4 ] 1 

2 2 2 2 2 2 
(14B) 

The mismatch parameters Ap and Aa, the differences between what is 
expected and what exists, can now be found directly from Eqs. (14B) and 
(12). 

5. SMALL MISALIGNMENTS AND FIELD RIPPLE ERRORS IN DIPOLES AND QUADRUPOLES 

One problem, which always faces a transfer line designer, is to fix 
the tolerances for his magnet alignment and excitation currents. Although 
the following is rather idealistic and does not include such real-world 
problems as magnets with correlated ripple because they are on the same 
transformer, it does give a basis for fixing t o l e r a n c e s 1 ) . 

5.1 Dipole and misalignment errors in transfer lines 

The motion of a particle in a transfer line can be written as 

y = A/fTsin ( $ + B) (15) 

As we now know,this motion is an ellipse in phase space with 

A Aa 
y" =-7=j.cos (<(.+ B) - - ^ . s i n ( $ + B) (16! 

Rearranging we have 

Y = y//J"= A sin ( <t> + B) 

ya//p"+ y'* rF= A cos U + B ) , 
(17) 

where (Y,Y') are known as normalized phase-space coordinates since with 
these variables particles follow circular paths. Note: y' denotes dy/ds 
while Y' denotes dY/d* and a = -1/2 dp/ds. 
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The transformation to (Y,Y') is conveniently written in matrix fo rm. 

18) 

Consider now a beam for which the equi-density curves are circles in 
normalized phase space. If this beam receives an unwanted deflection, D, 
it will appear at the time of the deflection as shown in Fig. 8(a). How
ever, this asymmetric beam distribution will not persist. As the beam con
tinues along the transfer line, the particles will re-distribute themselves 
randomly in phase, while maintaining their distance from the origin, so as 
to restore rotational symmetry. This effect is known as fi1amentation (see 
also Section 1.1). Thus after a sufficient time has elapsed the particles, 
which without the deflection D would have been at point P in Fig. 8(b), 
will be uniformly distributed at a radius D about the point P. 

(a) Beam directly after deflection, D (b) Particle distribution after 
phase randomization 
(Filamentati on ) 

Fig. 8 Effect of an unwanted deflection 

For one of these particles the projection onto the Y-axis will be 

Y 2 = Yi + D cos e, 

where the subscripts 1 and 2 denote the unperturbed and perturbed position; 
respectively. 

Taking the square of this amplitude 

Y^ = Y^ + 2Y ;D cos e + D 2 cos : 
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and then averaging over the particles around the point P after filamenta-
tion has randomized the kick gives 

<Y 2> = <Y 2> + 2 <Y,D cos 6> + < D 2 c o s 2 e> . 2 P l P i P P 

Since Yi and D are uncorrelated (i.e. D does not depend on Y L ) , the 
second term can be written as 

2 <Yi D cos G> = 2 <Yi> <D cos e> . 

The second factor is zero, since D is a constant [Fig. 8(a)], which 
gives, 

<Y 2> = <Y 2> + -n <D 2> = <Y 2> + -5- D 2 . 2 P l P 2 p l p 2 

However, this result is true for any P at any radius A and hence it is 
true for the whole beam and 

<Y 2> = <Y 2> + ^ D 2 

2 l ' 
(19) 

The emittance blow-up will be 

£2 = ei + 2n D 2 :2o) 

where, by definition, e = 4it <Y 2>. The subscripts 1 and 2 refer to the un
perturbed and perturbed emittances respectively, and remember that Y = 

Expanding the deflection, D, 

D^ = (AY)* + ( A * * ) * = (Ay) (1 * a2) 
P + (Ay') 2p (21) 

and substituting into (20) gives the emittance blow-up, in terms of the 
basic errors. Thus 

C2 = EI + 2* [(Ay) (1 + a 2) + ( A y 1 ) 2 p] , (22) 

where 

Ay is a beam alignment error, 

JlAB Ay' = p — an angle error from a field error AB of length a 
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5.2 Gradient errors in transfer lines 

Consider once again a beam for which the equi-density curves are 
circles in normalized phase space. If this beam sees a gradient error, k, 
the equi-density curves directly after the perturbation will be ellipses as 
shown in Fig. 9 ( a ) . Since the object of this analysis is to evaluate the 
effects of small errors, it is sufficient to regard this gradient error as 
a thin lens with the transfer matrix 

1 0 \ / y i > 

k l / \ y \ 
(23) 

where 

k = JUG 
Bp an amplitude dependent kick arising from the gradient 

error AG of length a. 

Oeflection aY 

Fig. 9 Effect of a gradient error 

Denoting the matrix in Eq. (18) as T, it is easy to show that 

= T 
'1 0 

,k 1 

It is now convenient to find a new co-ordinate system ( Y Y . Y Y 1 ) , which 
is at an angle 9 to the (Y,Y') system, and in which the perturbed ellipse 
is a right ellipse [see Fig. 9(b)]. 
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YY. 

,YY ' 
vs c 

1 0 

^kp 1 
(24] 

where s and c denote sin 8 and cos 8 respectively. 

Introducing the initial distribution Yi = A sin ( $ + B ) , \i 
( 4> + B) , in the above expression for the new distribution, gives 

XT 2 b 2 Q 2 Y Y 2 = A / l + s ^ k ^ - 2 s c k p s i n ( $ + B + 0 ) 

YY' = A 
2 /ÎT 2 L 2 Q 2 c ^ k ^ + 2 s c k p s i n ( $ + B + 0 ' ) 

A cos 

( 2 5 ) 

w h e r e 

. - 1 -s 0 = t a n - ( ~ T k - p ) and 0 ' = tan - ( 7 - ? - ^ ) • 

The ( Y Y 2 , Y Y 2 ) e l l i p s e w i l l be a r i g h t e l l i p s e when ( 0 - 0 ' ) = u / 2 , which 
gi ves the cond i t ion 

tan (2e) = 2 /kp (26) 

Equations (25) can be simplified using (26) and the relationship 
(0-0') = it/2 and rewritten as 

YY-

YY' 

tan 9 0 

0 1/tan e/ \YY" 
:27' 

where 

YYj = A sin (* + B') 

YY' = A cos (<(> + B' ) + B' 1 ' 
i.e. Yj and Yj with a phase shift 

(B + 0) = [B + tan" 1 (1/tan e) 

Thus it has been possible to diagonalize Eq. (24) by introducing a 
phase shift 0 into the initial distribution. Equation (27) is therefore 
not a true point-to-point transformation, as is Eq. (24) but since the 
initial distribution is rotationally symmetric the introduction of this 
phase shift has no effect. 
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The d i s t a n c e f r o m t h e o r i g i n o f a p e r t u r b e d p a r t i c l e i s g i v e n by 
E q . ( 2 7 ) as 

( Y Y 2 + Y Y " 2 ) = [ ( t a n 2 9 ) ( A 2 s i n 2 ( $ + B") 
t a n ^ o 

) ( A 2 c o s 2 ( u + B" ) 

A v e r a g i n g o v e r 2% i n $ g i v e s 

<YY 2 + YY* 2 > = -=• ( t a n 2 

2 2 <= t a n * e ) < A 2 > , 

but 

and f r o m ( 2 6 ) 

< A 2 > = < Y Y 2 + Y Y ' 2 > = < Y 2 + Y , 2 > 
1 1 1 1 

( t an 2 e + ) = k ' V + 2 . 
t a n ^ e 

T h u s , 

1 
<YY 2 + Y Y ' ^ > = -x ( k 2 p 2 + 2) <YY 2 + YY i 2x ! 2 8 ) 

As in the previous case for dipole errors, the asymmetric beam distri
bution will not persist. The beam will regain its rotational symmetry by 
fi1amentat ion or phase randomization. Each particle, however, will main
tain its distance from the origin constant. Once fi1amentation has 
occurred, the distribution will not distinguish between the YY and YY' axes 
and Eq. (28) can be rewritten as 

7 1 
<YY 2> = -x 

2 £ 

k 2 0 2 + 2) <YY 2> (29) 

and hence the emittance blow-up will be 

e 2 = j ( k V + 2) ei (30) 

Thus we have expressions for what happens after an alignment error, a 
dipole error and a quadrupole error, assuming that the beam is observed 
after phase randomization has taken place. A series of errors can be 
treated by taking them in beam order and assuming complete phase randomiza
tion between each error. 
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If a circular machine is at the end of the transfer line, filamenta-
tion will take place there and the above gives a way of calculating the 
emittance blow-up due to a single error in the preceeding transfer line, 
but transfer lines are usually too short to even show the effects of fila
ment ation and certainly there is never complete randomization between ele
ments in a line. In the real world adjacent magnets are often on the same 
transformer, which also gives correlated errors. Having pointed out these 
deficiencies, the above method does give a basis upon which to fix toler
ances. The assumption that full randomization takes place between elements 
will give a pessimistic result for the usual case of tens of elements 
spread over several betatron wavelengths, which errs on the correct side 
for fixing tolerances. Small numbers of elements, very close in phase with 
possibly correlated errors can be underestimated by this analysis. 

6. EMITTANCE BLOW-UP DUE TO THIN WINDOWS IN TRANSFER LINES 

Transfer lines are often built with a thin metal window separating 
their relatively poor vacuum from that of the accelerator or storage ring 
that they serve. The beam must pass through this window with as little 
degradation as possible. Luminescent screens are also frequently put into 
beams with the same hope that they will have a negligibly small effect on 
the beam emittance. It is therefore interesting to know how to calculate 
the blow-up for such cases. 

The root mean square projected angle due to multiple Coulomb scatter
ing in a window is given by 2» 3 ) 

(—T 0.0141 f L ' , , 1 L % r 

<<* > = "Fp— ZincVr— ( 1 + 9 l Q 9 l O ~ - J [ ™ d i a n ] , (31) 
c rad rad 

where 

Z. „ is particle charge in units of electron charge i ne 3 3 

P c = v/c 
L is thickeness of scatterer 
L . is radiation length in material of scatterer. 

Consider a particle with a projected angular deviation of 6i at the 
window due to the initial beam emittance. This particle receives a net 
projected kick in the window of 9 S and emerges with an angle 82 given by 

6 = (8 + 8 ) . 2 1 s 
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By squaring and averaging over the whole beam this becomes 

< e 2 > = < e 2 > + <e?> + 2 < e i e , > 
2 i s s 

but, since the initial 9i is in no way correlated to e s, 

2<e e s> = 2<6i> <e s> = o 

and the above simplifies to 

<e 2> <e 2> + <e?> 
1 S 

(32) 

This describes the situation immediately after the scattering (see 
Fig. 10) when the beam is no longer matched. 

Matched ellipse 
before scattering 

Particle distribution 
after scattering 

( Y, Y' are normalised 
coordinates of section 5.1) 

Fig. 10 Effect of a thin scatterer in normalized phase space 

Using the same arguments as in Section 5.1 we see that this initial 
distribution filaments and the average angular divergence becomes 

<e 2> = <e 2> + -x <e 2> 
2 1 ^ S 

(33) 

For conversion to beam sizes or emittance the following relationships 
can be used, 

, o 2 (1 + a2) e (1 + a' <6 > = a T2 4tt p (34) 
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where a is the r.m.s. amplitude in the plane of projection 
E is the beam emittance in the plane of projection. 

Combining (33) and (34) gives the beam blow-up, 

< e 2 > ° 2 

= —-- = -- = i + <e 2> £ 
1 <^> a2 S

 E l ( l + a 2) ( 3 5 ; 

in which < e 2> is given by Eq. (31). 
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INTRODUCTION TO COHERENT INSTABILITIES - COASTING BEAM CASE 
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INTRODUCTION 
In an intense beam, particles behave differently from a single particle. Nowadays, 

beam intensities are such that the performances of most machines are limited by coherent 
instabilities. This is a very important collective phenomenon which damages the beam 
quality if the beam current is pushed above the instability threshold. 

The origin of the mechanism is the electromagnetic field created by the beam itself. 
This self field, in which the beam moves, depends strongly on the electromagnetic proper
ties and the geometry of the environment. Once the intensity is large enough, the effect 
becomes sizeable and cannot be neglected. An intense cool beam is always unstable. 
A small initial density perturbation arising from statistical noise or previous beam 
manipulations can grow exponentially, leading to an unstable coherent motion. Stability 
requires a hot beam with enough spread in incoherent, particle frequencies. 

In this lecture, we bring in step by step all the necessary elements to investigate 
coherent instabilities in coasting beams in circular machines. Both the longitudinal 
and transverse cases will be reviewed. 

For bunched beams, coherent instabilities appear differently because of synchrotron 
motion. However, the theoretical approach to the problem is very similar and easier to 
follow once the coasting beam case has been well understood. This will be one of the 
lecture subjects of the advanced course programme. 

1. COASTING BEAM LONGITUDINAL INSTABILITIES 
1.1 Properties of the guide field 
We will assume that the beam self field is a weak perturbation. In other words, 

the motion of a particle will be very close to a single particle motion in the external 
guide field. 

In a coasting beam, to first order, unperturbed longitudinal motion is very simple. 
Individual particles are rotating with a constant revolution period 

T= i l l - JL_ . (i) 
The particle velocity /3c as well as the orbit length I— can be expanded in terms 

of momentum deviation with respect to a reference momentum 

L= L 0 (-t-f <x fr~fr.) . (4) 
fro 

oL is the momentum compaction. In smooth machines, an order of magnitude is given 
by . 

*"4T (5) 
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where Wyt i s the horizontal wave number. Higher order contributions to orbit 

lengthening such as betatron amplitude are neglected. 

Then, the expansion of I is 

A ° 
with tt = o^_ _ 2 _ 

1 X2-

T-To _ dT _ , 4 .dp _ dP dw (6) 

0^ is often written 

Below transition energy, defined by " 

<X-S - 1 - . (7) 

(8) 

M is negative. The revolution frequency ùi of particles in the beam, increases with 

momentum or energy. The reverse applies above transition energy. 

When dealing with longitudinal or transverse instabilities, the sign of H is very 

important. It tells whether the slow particles at the tail, in the wake field, have a 

higher or lower energy than the fast particles which create the electromagnetic field 

in front. 

1.2 Single particle longitudinal motion 

We define a reference particle of fixed momentum b^ rotating with constant angular 

revolution frequency GJ (rad/s). A test particle of momentum fx rotates with a frequency 

(li . Its motion with respect to the reference is described by a pair of coordinates 

T, and 

The first coordinate £ (expressed in second!) measures the time delay between the 

passing of the reference and the passing of the test particle at the same point in 

the machine. 

The second one "Ç is the derivative of £. with respect to time Jt . 

For the unperturbed motion (no longitudinal force applied along the machine axis), 

fl and 60 are constant. The test particle moves away at constant speed. 5 is a linear 

function of time. 

ZsZ0+zJb O) 

From Eqn. (6) Z is given by 

i _ dr _ c/T , ~ fr-fo, _ _ ç/oi . (10) 

If a longitudinal force were applied at azimuthal position 0 in the machine, then, 

by using the fundamental equation of charged particle dynamics, we would get 

t-lzt - Tk'l*"**!,™ (11) 

This last equation will be used in order to describe the perturbed motion when 

taking into account the beam's electromagnetic field later on. 

1.3 Longitudinal signal of a single particle 

With the object of writing down Maxwell's equations, the solution of which leads 

to the beam's electromagnetic field, one needs to clearly express the beam intensity 
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as a function of time and position v around the machine. 

Machine physicists are used to visualizing the beam intensity on a scope by looking 

at the signal drawn from a longitudinal Pick-Up electrode. These P.U. electrodes are 

diagnostic equipments which measure the local beam electromagnetic field. 

Let us assume a perfect P.U. electrode (infinite bandwidth) located at position 

{7 around the ring circumference and let us analyze the signal (intensity) when a single 

particle is rotating in the machine (see Fig. 1). 

urence 

P U . electrode 

a^'Jk. 

Fig. 1 Observation of test particle 

At time Jb=0 the reference starts from BsO and reaches the P.U. electrode at 

times yt^ 

Oit)t =. B + 2/>7T _«,<jb<+oo . < 1 2> 
The test particle is delayed by Ç . It goes through the electrode at times .C^ 

K = C+/t = C+ L . ( 1 3 ) 

P f 0). 

The elementary signal induced by the test particle is a series of impulses delive

red on each passage. 

(Ampere) (14) 

-00 
£ = elementary charge 

By using JT fyy, _ i â l ) = *k J_ £ 
0 = D i r a c f u n c t i o n . b - 4 ^ fc»+oo 

it can be rewritten in the equivalent form 

A\ (Jb.&jis a real quantity. ' 

When assuming an unperturbed motion, 

(15) 

(16) 

_ _ •/ ' W-W. 
Z= Z0 + ZC Z = -

:tion is 

^ [ w f c . w r . 0 ] 
the argument of the exponential function is 
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The frequency spectrum of the signal is obtained by Fourier analysis 

( U * j suc £+•• 

On a spectrum analyser, it gives a series of infinitely sharp lines at the harmo

nics of the particle frequency. 

1.4 Distribution function 

In order to get the signal or intensity of the entire beam, one needs to sum up 

the elementary signals of all the particles in the ring. 

^(b ,e ) = N 
,z* a 7 r/o. re***» 

(18) 

N is the total number of particles 

llTfttt^is the distribution function suitably normalized to unity 

do ' 

Z--tfi 
Y t v , j t ) c i c d i • * • 

C=0 ~> 
For the purpose of studying the present problem we suggest taking 

Y(r,r,fc) . l ^ ) + J Ce, * ^ 

(19) 

(20) 

with b ^ O • 

The first part 

Yo= 9.ct) ( 2i) 
represents a stationary coasting beam. There is no X. dependence, which means that the 

particle density is the same all around the ring. The T dependence is there to specify 

the momentum distribution. 

The second part Afb<JZ+0X t) 

Yr-3r l i ) e ^ ( 2 2 ) 

is a perturbation which is added on top of the stationary distribution. This pertur

bation consists in a prebunching of the beam with b wave lengths around the machine 

(•E- )• I*" does n°t move exactly with the average particle frequency. A slight coherent 

frequency shift ^J/^-. is assumed. CO^pc is a complex number. With our notation , if its 

imaginary part is negative, then the perturbation will increase exponentially with 

time. The growth rate (CÎ) for self bunching with b wavelengths is given by 

c*î)-4--i*t<V (23) 

On the other hand, if I m (f^jjis positive, the perturbation will be damped and bunching 

will disappear. 

Our normalization implies 

and 

(24) 

(25) 
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which means that the perturbation does not change the total number of particles but 

simply rearranges them. 

1.5 Signal induced by the beam 

When integrating/O^^tj OJ, one gets the signal of the entire beam 

W-i^-^-tt*'^'^ (26) 

_L = average intensity, DC current 

S (fe,6) = A.C. part of the current. 

The signal can be Fourier analyzed 

S,(ii,e), l[m + g *" ï(-a-N-V l%*)Ai ] • (27) 

Two infinitely sharp lines would appear on a spectrum analyser. The first one 

at iUo is the DC component of the current induced by the stationary distribution. 

The second one atiisbd^ClX, is the coherent line induced by the perturbation Vjp . 

Let us make a few remarks for justifying our perturbation model. 

A perfect coasting beam is stable. Mathematically it is represented by a stationary 

distribution which gives a DC current and a uniform electromagnetic field. No bunching 

can appear. 

As a matter of fact, in physical terms, a perfect coasting beam does not exist. 

A beam is composed of individual particles. Every particle contributes to the current. 

So, on average, we get the DC current. However, on top of it, we have statistical noise 

plus some density modulation which always remains as a memory of previous beam manipu

lations such as injection or debunching for instance. Therefore, there are physical 

reasons for considering a perfect coasting beam perturbed by a"VlT, type distribution. 

Is it valid to restrict the perturbation to a single b value and probe the environ

ment with a single frequency ? The answer is yes, provided the coherent frequency 

shift CJ* is much smaller than &) • In other words, if the perturbation growth time 

is much longer than the revolution period, then, two adjacent harmonics b&) and 

(b+1) t) 0 cannot couple and oscillate independently. 

Starting from the very rich spectrum induced by individual particles, with the 

assumed form of "UJL, we have arranged them for concentrating the signal on a single fre

quency line. Let us note that the signal is now complex. We will deal with the complex 

current associated with a complex impedance in the way we are used to doing in classical 

electricity. 

1.6 Electromagnetic field created by the perturbation in a perfectly conducting 

pipe (space charge) 

In order to illustrate self field calculations, let us consider a very simple 

example of beam environment. We assume a round beam of constant radius &. travelling 

in straight line along the axis of a circular pipe of radius JOT (see Fig. 2). 

One should realize that in an actual machine, the environment of the beam deviates 

very much from this crude model. Therefore, one should not conclude that the electro

magnetic interaction between the beam and the surroundings is always of this type. Never-
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theless, the deri\ation which follows will help us to generalize the self field expres

sion and introduce the environment impedance. 

—«-=——-r^Re 

Fig. 2 Beam travelling along axis of circular pipe 

Cylindrical coordinates f' \f >6 will be used in this section. 

The starting point is the beam signal S, (i.0) from which only the A.C. part 

S* (*|6) will be retained. The D.C. part is dropped since it does not give any longi-
"r 

tudinal force. 

Let A~ be the current density 

\ = \ .. a O where ^- replaces Q . 

We have assumed a constant density in the beam cross section. 

(rxa) 

We use 

to find the charge density P 

duff + à£. = o 

Both quantities will be inserted in the RHS of Maxwell's equations. 

For the electric and magnetic potentials we assume the following forms 

V(V>*f>A) = ^Cn £ ^ w " ^ 

Then, inside the beam (f^û.), *\T and CL^ must satisfy A 

ira.*-

Outside the beam(r>0.)both RHS are null. 

Let us recall that &) stands for 

1= a / r ) 

60: K*%> - £fc* %* ^fv 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

with t'y Ĵ r^o a s a s s u med before. The electromagnetic wave travels with a velocity 
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te-fc6l4+&We 
pco 

slightly different from the beam velocity P> ç . 

We have made use of the following definition 

Jll P1 £ - -ËM-ft 1)- 1*4- * £•!- (35) 

In the calculation of the electromagnetic field we will neglect the small diffe-

; between ft and & . 

rw to 

Main steps leading to the analytical solution are given hereunder. 

1T(f) and CL(.P) a r e proportional 
V(v = x l . a.(n . os) Rw A 

By using modified Bessel functions I and K 0 we expand Q,, in the following 

form 

(37) 

The electric field 

E _ ( j^yi 4- * h r ) JL
 R os) 

and magnetic field ^ ^ . . i 

are drawn from Vand CL,4 

B.JLlf J 1 " * ™ (39) 

(40) 

The three constants»-.-.^ > T S i k ^ a r e l i ^ e d by two equations. At the frontier 
I a \ , one has to satisfy 

a, . a, «u<= élè> (4i) 
in order to guarantee potential and field continuities. ° 

This leads to 

°K> = - ̂  K ^ 
A (42) 

K*t 

•=Jr: Boundary conditions at h= Ay need to be specified in order to express the last 

constant C j . . 

For instance, we can assume a perfectly conducting wall (KTsCC) at In this 

case, there is no A.C. field in the pipe thickness and outside the wall. The A.C. elec-
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tromagnetic field induced by the beam is completely stopped on the inner surface 
of the chamber wall where an image current is flowing downstream. This wall current 
Xw n a s the same magnitude (but opposite sign) as the A.C. beam current S* . Along 
the wall, the electric field is null (see Fig. 2), 

1 g 
This constraint fixes C 

(43) 

x< 
A. 

and the longitudinal electric field seen by the beam can be expressed, 

(45) 

It varies across the beam cross section. 
Let us restrict ourselves to frequencies W well below the pipe cut-off fre

quency & ) & 

tO c =-|_ * 2*.1GH V. ( 4 6 ) 

For *». a"! , radial wavelength iTf AT and longitudinal wavelength ATT (with a V 
ion in the direction of particle motion) are equal. rection in the direction of particle motion) are equal. 
With this assumption, the argument of Bessel functions is small 

\ * XR fet»6 ( 4 7 ) 

The non-linear variation of the field inside the beam will be neglected. 
By using the Bessel function expansion for small arguments, we get the usual space 

charge field induced by the direct A.C. beam current 

Z c , A c =, S77JL (48) 

1.7 Qualitative treatment of negative mass instability 
In Fig. 3 we have drawn space charge electric field lines in l*,/i space over 

two periods of longitudinal perturbation. The longitudinal electric field is 90° out 
of phase with respect to the signal. It is null on the crests and in the valleys of 
the signal. On the front slope of the wave crest, the force is in the forward direction 
and increases the energy of the particles, while at the back slope, particle energy 
is decreased. 

Below transition energy ("I^O). acceleration means increased angular revolution 
frequency GJ • At the front slope, particles will move ahead. At the back slope, their 
revolution frequency is decreased, particles will move backwards. The valleys will 
be filled up and the crest amplitude will decrease. The initial perturbation is reduced. 
Space charge forces have a stabilizing effect below transition energy. 
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Fig. 3 Space charge field over two periods of perturbation 
Obviously, the reverse applies above transition energy. This is a qualitative 

introduction to the negative mass instability. The appellation is related to the fact 
that above transition energy, particles behave as if their mass was negative. With 
respect to the synchronous particle, their angular velocity increases when they are 
decelerated. 

1.8 Definition of longitudinal coupling impedance 
At this point, we could have started a quantitative treatment of beam stability. 

However, our model of beam environment is very crude and our conclusions regarding 
stability would not be very relevant to an actual machine. 

On the other hand, solving Maxwell's equations is an impossible task when taking 
into account the numerous details of a vacuum chamber with the large number of cross 
section changes, P.U. electrodes, kickers or septum magnets, bellows, etc... 

For our discussion about beam stability to remain as general as possible, let 
us try to define a new machine parameter, the coupling impedance, which gathers all 
the properties of the beam's electromagnetic field. 

Let us go back to the space charge electric field formula (48) and analyze it 
in detail. Let us remark that this expression which relates field and current is similar 
to the one we meet at any point in a conducting material. It is equivalent to Ohm's 
Law. 

E= il (49) 
r - <T 

where t is the electric field, •£ the current density in the material and ff" the elec
trical conductivity measured in mho/meter in MKS units. 

When applied to a simple wire of cross section o(nf)it gives 
(50) 

O. ik O is the current circulating inside the wire (50) 
— r - •=—. is the resistance or impedance per meter. 
r £ ~bt> 

When comparing the two equations which relate the field and current we are inclined 
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to conclude 

(51) 

Since we took care to introduce the machine perimeter 2.K R in the formula, it 

would be logical to call 

the space charge impedance of the machine. In fact, we will introduce a minus sign 

and write down 

Ze t A) 

So, the convention which has been adopted for defining the impedance is 

S>w--£k V*<a) 

(52) 

(53) 

Let us generalize our writing first and justify the minus sign later on. 

In the space charge case we were considering, that a single frequency 

ùi s b ^ + ^ t p ç was present in the signal. The electric field was at the same frequency 

as the signal and the impedance had to be calculated at the same frequency again. 

One could imagine a perturbation rich in frequencies (bunched beam case). Then, 

in order to write the electric field on axis, one needs to Fourier analyze the signal 

first, then combine signal component -5 fu 9) and impedance ^^(U) at the same frequency 

l ( t < 6 ) ' -I£R J j * ( w ) hW**^» • ( 5 4 ) 

The next step takes into account the fact that the impedance is not necessarily 

uniformly distributed around the ring. Main contributions to Z.-Aui') could arise from 

specific points in the machine where resonant objects are located. A more precise des

cription would be obtained by using the local gradient of the impedance 

iirR * 3 A R } 6 
Let us note that this last sophistication is useful in the transverse plane 

for taking into account beam modulation in the lattice. It is unnecessary in the longi

tudinal case. 

Finally, since the force acting on particles involves both electric field and 

magnetic field effects, we include the magnetic component of the force in the L.H.S. 

We end up with the following definition 

[ E + V A B I ct.e). - 3^((j,e) s ^ ^ e dw . (55) 
* J.*, foe 

The minus sign arbitrarily introduced before can be justified when considering 

resistive walls (C^tcO). The treatment of section 1.6 holds with a different boundary 

condition at fs V • This time we take 
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V-W®*]*. (56) 

where o is the skin depth at frequency (£ 

>1 
*** _ _£ (57) 

Equation (56) allows to determine the new value of C T / 

(58) 

(59) 

with é . i i jlf y*ri«L^ 

Well below cut-off f c O ^ W . ^ we can derive the expression of the electric field 

E-ur in the wall skin depth through which the return current 1^. is travelling 

MW - £, («* % V [tfKM 

field is given by 

E^' 6 )*-I^\c.V' e ) + I L» ( t ' ' )-
ie wall, one has to write 

7? 
On beam axis, the electric field is given by 

(60) 

When applying Ohm's law in the wall, one has to write 

_A_ 

2.TI 

(no minus sign) 

where Z.. _ . is the resistive wall impedance 
vR.VJ. 

(61) 

z ,» (A*nhk SfA1* ( 6 2 ) 

rent --Up 

The minus sign appears when one expresses this quantity in terms of direct cur-

Equation (60) can be rewritten 

^•J'ffe(^.*^w.) V (63) 

So, in the definition (55), the impedance we are referring to is the wall impedance 

seen by the return current. For space charge, it was difficult to invoke wall impe

dance since (T-OO and E ^ s O . Nevertheless, the same formula as for the resistive wall 

case had to be used. 

1.9 Longitudinal coupling impedance of a machine 

On one hand, it is obvious that the actual electromagnetic field depends strongly 

on beam environment. On the other hand, the environment cannot be made as clean and 

smooth as a continuous round pipe. One has to install all sorts of manipulating equip-
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ment (for injection, RF, extraction, etc..) diagnostic equipment and sometimes 

experimental setups (detectors, wigglers, internal targets, etc...). 

As a net result it is definitely impossible to calculate or predict accurately 

enough the impedance of a machine. This is one of the major problems a machine designer 

has to deal with. 

However, we have learnt a lot from existing machines. For most of them,performance 

is limited by coherent instabilities and many attempts at measuring and lowering the 

impedance have been made. 

The overall measurements agree with the following qualitative description (see 

Fig. 4). 

Broad band 

Inductance 
RaSi'itance. 
Capacitance 

Fig. 4 Qualitative description of longitudinal impedance 

There are four major components of the impedance. 

a) - A resistive wall component which dominates at very low frequencies 

(62). 

(64) 

with C0= ^<*>C' 

This resistive wall impedance has already been described. 

b) - Parasitic resonators corresponding to unwanted resonances such as higher 

order longitudinal modes in cavities for instance. These narrow band, high O resonances 

must be detected and damped. 

c) - A broad-band impedance which takes into account the effect of numerous 

incidental cross-section variations. It can be approximated by a low Q w l resonator 

centered around the pipe cut-off frequency 

2ÏÏ T K F 
g a few GHz 
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This model is in agreement with experimental measurements. Its resistive part 

drops at high frequencies as observed in electron machines. At low frequencies it gives 

an inductive contribution as observed in most machines. 

K 4 = shunt impedance 

Qîr \ = quality factor. 

- Inductance at low frequencies 

- pure resistance at resonance 

- capacitance at high frequencies 

In order to lower the broad band impedance one must carefully design a smooth vacuum 

chamber pipe by avoiding or shielding abrupt changes in the cross-section. 

The lowest measured broad band impedances are of the order of 1 Ohm at peak 

4SI 4, ^ M - R< fit £ 50JL 
^ p s Wc ^ 

When no special care is taken, one can reach about 50.11. 

d) - Finally, one should not forget the standard space charge component 

which is very large for low ft particles 

Z _ i £fr W Z//S.C _ _ 4 — 6 . 
//&.C~ à . « s, , ,.i b 0 .„ s/2 (66) *NV "• 

As an example, let us take a 50 MeV/Amu beam 

ft 
P 

This value is several orders of magnitude larger than the broad-band component. 

With a 7 GeV/Amu beam 

|3u*| * 7JL 
the space charge impedance is comparable with the broad band impedance. 

The actual impedance seen by the beam is the sum of all the components listed 

above. A sketch is shown in Fig. 4 where R»[ n-l a nd -Hn I —*-) a r e drawn. We have anti-

cipated the following and pointed out the quantity of interest *4L . 

P 
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, . , . â[(^o+^t-t>ej(67) 

1.10 Vlasov's equation and dispersion relation 

At this point, we have gathered all the necessary elements to start a very general 

discussion about stability. 

- A distribution function which includes a perturbation oscillating at frequency (A^Pc 

- The A.C. part of the signal induced by the perturbation ir.,. ,« , L. a -, 

- The impedance Z»(lO)which creates the electromagnetic field on beam axis 

- The differential equation which governs single particle motion 

Zm J ! [E4irABL(Jt,e.&> #(i:-i}) 

r i [w+°k£] ( 6 8 ) 

The electromagnetic field must be expressed at when following the 

particle along its trajectory. 

Due to the self-force, individual particles will move differently and the distri

bution will change with time. Our task consists of finding a self-consistent value 

of 6J~- which will tell us if the perturbation will increase ( i M s o - ^ ^ O insta

bility) or decrease (^m(k^bt)^0 stability). 

The basic equation which governs the evolution of the local density distribution 

YlC.Z.t) is the collision free Boltzmann equation. 

}t V » ' (69) 

where ^ •fil 
Let us remark the similarity between this equation and the one which relates cur

rent and charge density in electromagnetism 

when developping equation (69) we get 

1Ï + u opjui Y + Y * ^ ^ = ° ( 7 0 ) 

If one is using a set of canonical conjugate variables like t and t , then, 

OMt~ VsO,and an equivalent form of equation (69) is 

<J! = l ! + H r + l ^ = o . (7D 
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In this form it is Vlasov's equation. It says that the phase space density 

does not change with time when following the motion described with canonical va

riables. 

For the present case, it leads to 

o . j ( K " V V * , e l * + € ( § * ^ ' i * ) (72) 

where % replaces lpW oZ+t0/h t£ . 

The very last term is neglected as a second order effect 

HE & îs 
and we are left with 

. ... "I* 3fc 
Q(r)=Ûe 15 
*? d p ^ + ^ p c 

»• • 
After inserting the expression of £. (68) and integrating over Z. values, one 

gets the final dispersion relation which leads to ^Vpc 

d s -1-L À Wo+Ui'r> \ 5 1 _ A t ( 7 4 ) 

(73) 

. -11 i 3»(^+%p0 [ 3 i j ; 

" * " , | - pco. 

Up to now, single charge particles have been assumed. The dispersion relation 

can be rewritten for any type of particle 

A. -1(%)I ; *(m,+%3 ( H' (75) 

X = electrical current 

I .511 10 V for electrons 

2QaÇ l_ J .938 10 9 V for protons 

V -932 10 9 V for heavy ions 

M A = number of charges/number of masses. 

1.11 Coasting beam without momentum spread 

To start discussing solutions of the dispersion relation, let us neglect the beam 

momentum spread. Then, the stationary distribution can be described by a Dirac function 

suitably normalized 

The integration is easy to perform by parts 
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l»co B 

and the solution is given by 

J: 

(77) 

-qfMOi ; 4ûa - A. j 30) (78) 

A. I ,$**) 

I 

•H^i^-*!-.; ->•-.• -'-t. 

-•yi^KÇfY 

IU^ 
-Vf 

Fig. 5 Longitudinal stability diagram 
for coasting beam without momentum spread 

Equation (78) has always two roots. If 

one of them corresponds to an exponential 

growth, then the beam is unstable. Let 

us draw a few obvious consequences. 

- If £,(&) has a small resistive component, 

positive or negative, the beam is unstable. 

- For a pure inductance (broad band impe

dance at low frequencies for instance) 

4^*(p) is real and negative. The beam is 

stable above transition energy f"I^O) . 

unstable below transition energy ( flIW 0 ) 

With the space charge impedance, À Z ^ p ) 

is real and positive. It acts as a negative 

inductance and leads to the negative mass 

instability above transition energy. 

The solution of Eqn. (78) can be repre

sented in a two dimension stability diagram 
w i t h \ W p ) and /Vlm(Z'AO 
along the axes. /\» is negative below 

transition energy. In Fig. 5, the curves 

with constant .I ml ̂ Vot/P^* ) a r e Plotted. 

This allows us to read the growth rate 

(Z* ) ' A = - I m(oVp C)
 f o r a s i v e n 

impedance or to determine the maximum 

tolerable impedances for an accepted growth 

rate. 

Let us consider a working point along 

the vertical axis R» (Z^) = O in the 

unstable region (point A). The real part of 

the frequency shift Ct^^is null, which means 

that the RF self field is exactly tuned 

to p<À>o • Therefore, the self field is 
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just trapping the beam with increasing voltage. The beam spreads in momentum. 
For a different working point, the frequency shift has both real and imaginary 

parts. The RF self field has a frequency offset with respect to f><*>0 . The RF buckets 
are in a region free of particles. The monochromatic beam starts wiggling outside the 
stable area. A momentum spread appears. 

Another way of looking at Eqn. (78) consists of drawing the curve 
f\H^/p} corresponding to a given growth rate, in the frequency domain. In this type 
of diagram sketched in Fig. 6, one can realize that the beam is very sensitive to 
resistance at high frequency around 60 t where the broad band resistance is peaked. 
Most of the time, it is a microwave instability which develops with hundreds or thou
sands of short bunches around the circumference. 

Skin 
Component 

KesfstiVe component o£ 
broadband \ti\pcdanct 

Cloves with 
constant z* 

Fig. 6 Impedance diagram 
1.12 Coasting beam with momentum spread (Keil-Schnell stability criterion) 
If one injects a very cool beam in a machine, the microwave instability develops. 

The longitudinal emmitance or momentum spread blows up to a point when Landau damping 
gets strong enough to stabilise the unstable motion. 

In order to illustrate the solution when momentum spread is taken into account, 
let us assume a parabolic stationary distribution (see Fig. 7). 

S n c L 

Fig . 7 S ta t ionary 
pa rabo l i c d i s t r i b u t i o n 

(e£J = -full momentum s^t-eaol a t hal\- kenj^t 
P FWHH 

file:///ti/pcdanct
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^ • S t ^ - T t ) I*1**-
with J O ( t ) AZ - —- as r equ i red . 

j . * * ' XT 
The dispersion relation can be split into real and imaginary parts again 

with 

and 

A, „ 5(VA) I J/. 
41 

<elx 

' - 1 
x + _ ^ 

* u - i a i < & ) L - i < * ) 
P'Ut 

FWHH ' 

(79) 

(80) 

^--^it^-^-v' i •- ^ • ^ > ^ ^ _ : f ^ ^ - ^ K y y y / •-• 

:r-^7-a^ 

The stability diagram is represented 
in Fig. 8 for small values of [\t. I ~a£|. 
Curves with constant ~ 

I m ( ^ %' ) 

are drawn. 

Fig. 8 Longitudinal stability diagram 
for coasting beam Landau damped by its 
momentum spread 

.*r~f. .S. . •-!''. , ,.l 5 
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The stability limit corresponds to the curve with J-m (00» ^ s ^ - ^ i s divided 
in two parts, the heart shape curve around the origin plus the positive part of the 
vertical axis. 

The actual shape of the stability limit curve depends strongly on the distribution 
edges. For coasting beams, sharp edge distributions are unstable. However, a small 
rounding of the edges makes the stability contour less dependent on the orientation 
in the impedance complex plane. This is the reason why the stability criterion is so 
often written as a function of | Z # / b | • 

liffiI 4 Fl^'nXKlffi™"" ( 8 1 ) 
1 M CVAU 

where F is a form factor of the order of unity. 
With our notation , in the stability diagram 

\t?f> 4- — F y. .5 (82) 
2* 

represents a circle of radius .5. 
Equation (81), when inverted, which is often called Keil-Schnell criterion, gives 

the minimum spread required for stability 

(hf >-m* ZAr) (83) 

It is interesting to make the following remark. Let us assume that we are accumu
lating particles by RF stacking such that each injected pulse occupies a slightly diffe
rent energy range from its neighbours. Let iru be the total number of injections. Then, 
for each elementary stack the intensity is I/*U and the momentum spread is 

Therefore, the elementary stacks are potentially more unstable than the 
*< P I— 
final accumulated beam since the required spread at instability threshold is NfL times 
larger. 

1.13 Some remarks about Landau damping 
We have seen that a given amount of spread in momentum was necessary for stopping 

the instability. The stabilizing effect connected with the spread is called Landau 
damping. The way it acts is hidden behind the mathematics of the dispersion relation. 
Since it is a very important mechanism without which it would be impossible to get 
stable beams, let us try to describe the physics involved and draw an approximate sta
bility criterion. 

We are considering a collection of particles which have a spectrum of resonant 
frequencies. It is intuitive that two particles with different CO do not have the same 
sensitivity with respect to an excitation at fixed frequency C O R p . We are used to 
consider resonant schemes in which the excitation frequency has to be the same as the 
particle frequency in order to drive an amplitude growth. The important parameter is 
the time scale during which one observes the particle response. 

For instance, we consider the equation of a pure harmonic oscillator with a pertur
bation at frequency t0__ in the R.H.S. 
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£ -na 2 -^ = f„ wi oj R F Jt <84> 
If one assumes y * ^ 2 ^ at "time ,fc = 0 and (|).(<)gp^b)^, the solution can be 

written 

-RP- ( 8 5 ) 

At a given time C we compare the response ^ C ^ J ^ J with the response 
H^CO ,"t*\of the resonant oscillator 

(86) 

The above quantity shows that all the oscillators with 

(87) 

are still responding positively to the driving force (see Fig. 9)- In other words it 
takes a time 

**> -JL 
|w-(0RFl 

before the oscillator G) realizes it is being excited with a wrong frequency M RF 

z 
( W " W M ) | * 

N^> 
-4«/c* -2*/ c . -*/c» 0 w *V w-u) 

Fig. 9 Oscillator amplitude response 
Another way to get the same result consists in analyzing the excitation in the 

frequency domain. For -O0^b^+o© , the Fourier transform of the RHS is a Dirac function 

For O ^ A ^ t * we get 

(88) 

(89) 
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This result is in perfect agreement with the previous one. It tells us that a 
pure excitation at frequency &)op can drive a range of 60 

H - W R F I * % 

when gated during a time Z * (see Fig. 9). 
Now let us go back to our instability problem. We start with a beam without spread. 

All the individual particles have the same revolution frequency 60 . Accordingly they 
have the same response with respect to the RF self field produced by the initial bun
ching. Let us consider an unstable working point (point A for instance) in the stability 
diagram of Fig. 5. Let (Z ) be the corresponding growth rate. 

From now on, we increase the beam's incoherent spread 
- For AtO^/^'TC/C'*. a 1 1 t h e particles have a positive response to the driving force, 
they behave coherently as would a beam without spread. 
- For A c O ^ ^ ~R/z* > particles at the edge of the distribution refuse to follow the 
coherent motion very quickly. Being driven out of phase, they reduce the RF field and 
contribute to the damping of Che perturbation. 

Between these two extreme values, we have to guess the necessary A CO ._;, to 
stand at instability threshold. As an example, let us assume a parabolic distribution 
of revolution frequency 60 and declare that threshold is reached when the edge particle 
amplitude stops growing at time T, • 

i M I L - H I P . i p ; L ^ r ^ P J F V J H / z» (90) 

By using Eqn. (78) to express the growth rate, 

we get a rough stability threshold 

(91) 

which is 7C times larger than the Keil-Schnell limit. 

2 . COASTING BEAM TRANSVERSE INSTABILITIES 
2.1 Preliminary remarks 
For treating transverse instabilities, we will use exactly the same procedure 

as before. Therefore most comments already made in the previous section apply. For 
avoiding repetitions , we will mainly insist on the differences between longitudinal 
and transverse cases. 

In the longitudinal case, the instability process is initiated by a perturbation 
of particle density which creates an electromagnetic field across the beam. When taking 
back the example of a circular pipe, this field was associated with a return or image 
current Iyj flowing downstream in the wall and uniformly distributed around the beam 
axis. 
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In the transverse case, the perturbation consists in a slight transverse displa
cement of the beam which oscillates from side to side in the external focusing guide 
field. This time, the wall current lyj is not uniformly distributed around the pipe 
axis. It is a differential current which flows in opposite direction on either side 
of the vacuum chamber. This requires a longitudinal electric field D* which varies 
in strength across the aperture and a transverse dipole magnetic field B j as shown 
in Fig. 10. This magnetic field D j deflects the beam. It can increase the initial 
displacement (instability) or decrease it (stability). 

-0 I 

Ml' 
I 

J 

Fig. 10 Beam transversely oscillating in circular pipe 
2.2 Single particle transverse motion 
To start with, let us describe the single particle motion. 
The transverse unperturbed motion is a pure harmonic oscillation governed by the 

following differential equation 

(92) 

(93) 

X+ <f X = ° 
where VP is the betatron phase advance per second 

VĴ j, is the transverse wave number of the particle and £0 is its angular revolution 
frequency. 

The transverse (horizontal or vertical) position X(t)will be written 

X ( * ) - X,W5lf (94) 
A . 

and we will use 4> and X instead of X and X for describing the motion. Let us 
notice that if and X are conjugate canonical variables. With the above assumption, 

and 

at T 

Y 
(95) 
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are constant during the motion. Nevertheless, these constants are different for diffe

rent particles. As a matter of fact, on one hand, the beam is composed of particles 

with different betatron amplitudes X and on the other hand, both parameters Q ^ and 
A A 

&) depend on momentum p.. and transverse amplitudes X and Z . In the following, 
we will neglect the dependence of (*> on X and Z. and the dependence of Q v on 
A A ^* 

2 • In the above, 2. denotes the transverse amplitude in the other plan (vertical 

or horizontal). Furthermore, we will assume that the longitudinal motion described 

with the two coordinates "Z. and t of the previous section is unperturbed (no insta

bility). 

c= o 

(96) 

By using the following complementary definitions 

dOx/Q* 1* 
0\*/ Kg, 

(chromaticity of the machine) 

which specify how the tune depends on momentum and amplitude, we can expand Kû 

When integrating this last equation, we get the betatron phase Vfi at time Jt. 

(97) 

(98) 

(99) 

We should be prepared to perturb the motion by applying the transverse force due 

to the beam's electromagnetic field. In (_ X, X ) space, the differential equation will 

become 

X + r X = i_- EE + VABl(>besû)0(jb.z)). 

In (<^,X) space, we first notice that X can be expressed as follows 

k-.<êi-i [x4

+(ifJV z. -*il (X4^x) 
A 

and then obtain the equation which gives the evolution of X 

(100) 

(101) 

(102) 

W. 
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2.3 Transverse signal of a single particle 

Transverse P.U. electrodes are diagnostic equipment which allow us to detect the 

beam's local centre of mass. The signal drawn from these electrodes is the product of 

the longitudinal signal times the transverse position. 

Let us assume a perfect P.U. electrode located at angular position » in the 

machine and observe the transverse signal JQ (Jc.v) induced by an off-centered particle. 

From the definition, we get 

4±(Jb,0)« X(Jb)^(Jb,0) -- X w ^ ^(Jt,ô) • dos) 

In the time domain, M. (£(t/) consists of a series of impulses with amplitude 

X(k\ delivered at each passing through the electrode. By using Eqn. (16) for 

expressing ̂  ( K M and Eqn. (99) for expressing tP, we obtain 

Therefore, the spectrum is composed of infinitely sharp lines at frequencies 

0)p+ and CO" . 

When considering a collection of particles, the spread in incoherent frequencies 

arises from amplitude spread and momentum spread. The incoherent frequency spread due 

to amplitude is constant for every value of b .On the contrary, the spread due to 

momentum varies with b . For instance, when considering the family 6ii- , it vanishes 

for b values such as 

Since a spread in incoherent frequencies is needed to Landau damp the instability, 

one will have to avoid values of Ou-* for which the frequency domain is associated with a 

large value of the impedance where the incoherent spread vanishes. 

2.4 Distribution function 

For studying transverse stability, we suggest the following distribution function 

Y(ï .^ r M-ïH<s> + V H ( l f , * ) e ° - (105) 

The first part 

X- VH< 8> "0 

is the stationary part. It has to be suitably normalized 

<}(c)ai= £• and f l$)kâx = ± . (106) 
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Since this stationary part is centered, it will not contribute to the signal. 

The second part 

VP - %™ i p ( V ) e ( 1 0 7 ) 

is the perturbation. It consists of a transverse displacement of the beam with A) wave

lengths around the machine f .£,"' " J . This perturbation does not move with the average 

particle revolution frequency. We are assuming a coherent frequency shift 60. h /. 
J» PC 

Here again COi is a complex number and the stability will be discussed via its ima-
-LpC 

ginary part. The real part of C*i, is close to Q ^ (A) . 

-LbC ^Xo o 

2.5 Signal induced by the beam 

In order to get the signal of the entire beam, one has to perform the following 
integration 

ô (±,e), YttAV)*) V*,&) ^ ( 1 0 8 ) 

The phase volume *w being defined by 

O^lf^iU -oo<x<oo o^C^âl -o^t^+oo 

For /a. (/Tj 8 ) , expression (104) has to be used. 

In the time domain, the result is 

o 

blW. «iJ^Vi^g (109) 

while in the frequency domain it has the following form 

where ° (110) 

<f X £ 
2.6 Definition of the transverse coupling impedance 

In order to introduce the transverse coupling impedance, one can follow exactly 

what has been done in the longitudinal case. Hereafter, only main results are pointed out. 

For a perfectly conducting pipe ( 6~= °*> ) , well bellow cutoff frequency, the space 

charge electromagnetic field is given by 

For 5~^ °° , we have to add the contribution due to the wall resistivity to 

the previous space charge term. Inside the pipe, the fields can be written 

LE4VA&] (Jfc.B) = zih-f-eS- Zt \ 5(^fx«o<f*-W«f $ ] ( 1 1 2 ) 

IR.W. AITR \#Q 'R-wJ r ' J L ^ ^ n J 
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E (Jt,6) a - JL f i Z . ^ 5,(Jb»\ rca* (113) 

where 2.^ is given by Eqn. (62) . 
«R.VI. 

In the wall skin depth, the current XV] n a s the same •COOtfl dependence as the 
longitudinal electric field 

l^kfi) = --à££i cô  . ( 1 1 4 ) 

In the median plan ( CfrMp = 1), the beam which loses energy in the longitudinal 

electric field is deflected by the transverse magnetic field 

[ E + 1TA&1 (M) = zik (** Z ) S, (Jt e) . (115) 

This expression which relates transverse field and transverse signal is very 

similar to the one already met in the longitudinal case. It allows us to introduce 

the transverse impedance as follows 

[ E + V A B J thd) = -4E» Z,(<t) S,(Jb,9) . (116) 
— I V i v i ' -

.211 

(117) 

Obvious conclusions can be drawn from the definition (116) . 

and 2 = • 2 C 7 

_i.fi.va C 2 ^R.w. 
This last convenient relationship between __. . and Z... is strictly valid for 

the resistive wake in a round pipe and at frequencies well below cut-off. Nevertheless, 

when carefully applied to different wall geometries, it can give a rough estimate 

of _3 when £.,. is known. We notice that Z. and £•#/-. have the same behaviour in 

this case. 

When the transverse signal is rich in frequencies, one has to combine signal 

and impedance components at the same frequency 

( ^ 
•[E4irAB](Jb&) = - t f ° 2(w) S(o)6)e do) . < 1 1 8 > 

http://_i.fi.va
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2.7 Transverse coupling impedance of a machine 

Measurements made on existing machines agree with the following description. As 

in the longitudinal case, the four major components of the transverse impedance 

are : 

a) - A low frequency resistive wall component which is the principal source 

of transverse instabilities. It has been given in the previous section when assuming 

a thick wall 

1R.W. - ^ 3> -jTi ° o U T ' • 

b) - Parasitic resonant objects. In a few machines, narrow band resonances 

induced in kicker or septum tanks have been detected and damped. 

c) - A broad band impedance which takes into account the numerous cross 

section changes of the vacuum chamber. This is typically the case in which one can 

expect that the relation 

Z, = ̂  ?*&£ (119) 

holds. Therefore, by using Eqn. (65) one can guess 

KSLk % | Z 1 M J 4 50JL <i»> 
d) - A space charge component (see Eqn. (115) ) large for low j*> particles 

Z. - -4M. ( i . _ i . ) . 

2.8 Behaviour of a perturbation, dispersion relation 

When combining Eqns. (110) and (118) one can draw the expression of the electro

magnetic field induced by the distribution \JT . 

[ E + V A B ] ^ , * ) * -^Z

X(H*%)1 ( 1 2 1 ) 

This electromagnetic field is inserted in the RHS of the equation of motion (11) 

Now, we use Vlasov's equation 

o= d_Y= 2ï + liu + 'we+lii + 'Wz. (123) 

and when dropping second order terms, we get 

4<W**V1>VT1# • l&iW T ^ ^ l 3 (124) 



- 404 -

with 

and 

The solution of Eqn. (124) can be written 

A . ( S , i ) . -_ fe . 4 Z X( P)
 3- * 3 

(125) 

(126) 

(¥u. 

3 s ir 
• A 

X*Jv ()(,£) dtdx (127) 

By multiplying both sides of Fqn. (126) by X and integrating over Z. and 

X values, one obtains the dispersion relation 

*--#42i^«V 
l < * > >{• 

t=^)t. ^ ..(pOt+W, )lif (128) 

This equation can be rewritten in order to include the heavy-ion case 

Vjo 

4--^^&teu*.*V 
C^Y. 

î.w £2 x 2drdx Q29) 

J 
1 .Vi 

t,x 
W+l^-Y 

with the same definitions as those already used in Eqn. (7"i). 

We can now discuss the transverse stability of a coasting beam by solving the 

dispersion relation. 

2.9 Stability of a beam without spread 

First let us assume an intense cool beam 

W) 

Then, by using 

i^=^S(r) 

.%-.*> 

Iflx1, Xld.X = -2. 
** J 

A - V , 
X=0 X=» 

(130) 

we obta in 

foi3- . Q V ) = ^ ( Q ' . Q 1 ) = C^Icfc). j Z(b) 
Jtt ^ ' y . 

(131) 
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O is the coherent transverse wave number. 
K f C , /\± 

Equation (131) always has two roots UJ . Both roots are real and the beam is stable 
-Lpc 

if one assumes a pure imaginary impedance (space charge, inductance or capacitance). 
Therefore, in the transverse case, we do not get the equivalent to the negative mass 
instability. A resistive component is required to make the beam unstable 

*e(<M Q' X 0 « o -
fttolc 

4«QxotT>*< 
m. (^QxoM)] 

(132) 

In a stability diagram in K« C^iCW) a n d -*-»ftV l(P)J o o o rdinates, the curves cor
responding to a constant growth rate 

would be vertical straight lines. 
Another way to analyze Eqns. (132). consists in drawing the same curves with 

constant X^. (GJi ^.} in the frequency domain this time (Fig. 11). It is obvious in such 
a graph that the beam is very sensitive in the low frequency region where the skin 
resistance tends to very large values. In this respect, the choice of the transverse 
wave number is important. When comparing two working points with Q v o 3 " ^ (just above 
an integer) and Q x o s • 3 (just below an integer) , the factor 9 in frequency corres
ponds to a factor 3 in skin resistance (see Eqn. (57)). Consequently a tune like 
.1 makes the growth rate three times smaller. 

*e ( z M 
fC" '-"S' " " - • t " 

Curve with 
Z constant I f(J") 

(t>*Q,)<J. wave is uhsta-Wt 
when <*.aoc-\a\*A wi'fck a 

Me.ta.tive. rtti'itante 

Cwvt wi'̂ li 
ChsUht l w f ( 0 . 4 ) 

(b-Q x) U # Wave is unstable 
when attacialed wi'tka. 
poii'tive resistance 

+ Vp.Qt)u. >0 

U> 

Fig. 11 Impedance diagram 

http://Me.ta.tive
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It is interesting to notice that we are dealing with two series of coherent fre
quencies 

and 

both series leading to the same result. The first series CO leads to an unstable 
motion when CO /^(b+Gj^COo is negative. The second one CO" leads to the same result 
when CO-/^ T b-Q„ 0^ C0 0 is positive. Since, for opposite values of CO one has 

(133) 

and C . e =. 1 
both series lead to the same real and imaginary frequency shifts. Therefore, provided 
we accept to work in the range 

only one series need be retained. We can restrict ourselves to studying C0~ which 
corresponds to the slow wave. Useful results of this section are summarized below. 

2.10 Beam with momentum spread, stability criterion 
• /• 

A spread in both X, and If. can be treated only with difficulty, so we will 
consider the effect of each spread separately. Firstly, let y*(,X\ be null and let us 
consider a spread in t . 

The denominator in the integral of the dispersion relation (129)can be written 

Equation (98) has been used to express VX> . 
Furthermore, we retain the slow wave 

co ± ^-Q X o 6J 0 

and obtain a simplified dispersion relation 
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For 0 (z) , we can assume a parabolic distribution defined by Eqn. (79). 
Let Ji be the following integral 

J i -
J 

A-* 

Then, the dispersion relation (135)becomes 

(136) 

with 

and 

V Re(2. ) = ^ ( ^ l \MZJ - Re^> 
A ,. = 3g CVA)IC 

^ «* ̂ Jt^r^^xfy^ <137> 

Z l = Z

1 ( f f - < S x.)" . ' ) . 

I 

A l l 
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The stability diagram is shown in Fig. 12 
for small values of I /\. . 2-. I-
The curve corresponding to the instability 
threshold J ^ ip^-^) = 0 is often approxi
mated by a circle and the stability crite
rion is written 

I A Z I / 2oE- F (138) 

p is the order of unity for a parabolic 
distribution. 
In order to get an efficient Landau dam
ping, one has to enlarge the quantity 

»M|[C^»H^]*IC^J. 
(139) 

Fig. 12 Transverse stability diagram for 
coasting beam Landau damped by its momen
tum spread 



- 408 -

For standard smooth machines 

1 -1 
and Od*s is negative above transition energy. This corresponds to a catastrophic situa
tion in which 5p vanishes for some particular value of J» 

t*Qxo(<- V (140) 

So, for standard machines working above transition energy, one has to change the 
sign of ~> by adding sextupoles in the lattice. 

On the other hand, a standard machine working below transition energy has a natural 
positive (ti-c with the right sign to avoid the cancellation of O p • 

When drawing 3 p as a function of frequency (see Fig. 13) one can see that the low 
frequency region (skin resistance) is much less Landau damped than the cut-off frequency 
region where the broad band resistance is peaked. This is the reason why the transverse 
instability is often a low frequency instability which is easy to control by feedback. 

Pe(2i((P-W) 

Figure 13 

2.11 Beam with amplitude spread 
The starting point is again Eqn. (129) in which we assume 

«I* Air "« Alt: 
and a parabolic distribution of amplitudes 

r,AA'i.if) °<*<*«-
A A, 

(141) 

where 
X, = VI X 

FvlHH 

With these assumptions, the dispersion relation takes the following form 
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4- -cwi . 
2nQ t e0)oC¥)t^» 

^((P^oH) (142) 

where ^ Q "^QX *2-

representing the total tune spread in the beam. 

Once again, we can draw a stability diagram with 

and 

\ A ( 2 I ) = UJ; ' ) 

A, . - P / A ) I C 

(143) 

9C cU. 

J -X- AQ; XES 
AÔL 

As in the longitudinal case, since the derivative appears in the disper

sion relation, sharp edge distributions are unstable (Fig. 14). An approximative sta

bility criterion would consist in working in a disk of radius .5 

' 1 1—f—1—! 
p i (P-9.H) 1 1 i 1 

i 1 1 U U< i 
\ 1 

\ \ i ' 
\ \ \ \ \ \ 

\ \ \ l 1 
\ \ \ ' -

M \ 
• 

» i . -

"R (ZJUf-CMu.)'. 

' -w ;i v "1 -»i ». -o1 

• " / *? / / 1 ( 1 | 

' I 
. . . J . . . ! . . . . . . . , , . . 

\>czM<-5 • lpc 
(144) 

The previous relation can be inverted 

in order to express the AQi required 

for stability 

*QxoUo(?£-rt° (145) 

Fig. 14 Transverse stability diagram for 
a coasting beam Landau damped by its ampli
tude spread. 
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3. LIMITS OF THE THEORY, TIME DOMAIN APPROACH 
The theory developped so far for dealing with longitudinal and transverse 

instabilities is easy to apply once you know the actual impedance of the machine. It 
gives you the instability growth rate the sign of which tells you whether the beam 

LU Z U I 
- I U LU O 
< < s : < LU Q- o o . C£(/} z:oo 

GSI DAKMSTADT 

Fig. 15 Development of a longitudinal microwave instability 
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is stable or unstable. The theory is a perturbation theory which uses Vlasov's equation 
to first order. It does not allow us to follow the instable motion of a beam step by 
step. It does not tell us how much the beam emittance will be spoiled by the instabi
lity. In order to answer such questions , one has to use simulation codes working in 
the time domain. Starting with a collection of particles which represents a perturbed 
coasting beam, one solves Maxwell's equations, finds out the electromagnetic field 
to be applied to every particle and progresses step by step. In Fig. 15 , the develop
ment of a longitudinal microwave instability is shown. In the case presented here, 
a broad band impedance resonator Q v l centered at pipe cut-off frequency (12th harmo
nic of revolution frequency) is assumed. The initial perturbation consists in a 10% 
density modulation at resonator frequency. One can see off-centered empty buckets ap
pearing in phase space. Particles wind round the séparatrices and spread out. On the 
average the beam loses energy. In Figs. 16 and 17 the Fourier spectrum and the momen
tum distribution are shown. 

T -0.00 

T =450.0 

T -600.0 

T -750.0 

T -900.0 

Fig. 16 Momentum distribution 
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Fig. 17 Fourier spectra 

4 . CONCLUSION 

The goal every machine physicist aims at consists of delivering as bright as pos
sible a beam (high intensity, low emittance) to the users. This requires either sophis
ticated beam manipulations for avoiding dilution, or a powerful cooling system (radia
tion for electrons, stochastic cooling or electron cooling for heavier particles). 
Cooling techniques are developing very fast and one could dream of nearly zero emittance 
beams. Alas ! the ultimate beam brightness one can reach is in fact determined by the 
impedance seen by the beam (machine impedance plus feedback system impedance). This 
is the reason why, nowadays, the impedance is one of the main parameters of a machine. 
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COLLECTIVE EFFECTS GENERAL DESCRIPTION 

B. Zotter 
CERN, Geneva, Switzerland 

1. INTRODUCTION 

1.1 Collective vs. coherent 

Collective effects involve a large number of particles, while 
coherent oscillations require a definitive phase-relationship of the 
particles. These concepts are not quite the same: the term col
lective is more general and includes some incoherent phenomena like 
Laslett tune-shift and potential-wel 1 effect. 

Since the stability of coasting beams has already been treated in 
detail, we shall concentrate now on collective effects in bunched beams. 
The main differences to coasting beams are a much wider frequency spectrum 
and synchrotron motion, as shown in Fig. 1. 

ctrum of 
"stationmry' 

distribution 

-Spectra of: 
dipoie mode 

/ /modes J 

- W 

Fig. 1 Spectrum of oscillations in a bunched beam 

Electrons are always bunched and usually have a Gaussian distribution, 
while protons are only sometimes bunched and have (in principle) an arbit
rary distribution. In practice, the distribution is usually nearly para
bolic (for small bunches) or cosine-square shaped (for bunches filling the 
b u c k e t ) . These different possibilities are shown in Fig. 2. 
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Fig. 2 Common bunch distributions 

1. 2 Synchrotron motion-bunched beams 

In longitudinal phase-space we shall use the coordinates (Fig. 3) 

loaoi 

and 

nh AE 

P V E 

where $ i s the phase-advance, i t he t i m e - d e l a y and A E / E the r e l a t i v e 
e n e r g y - d e v i a t i o n which are measured f rom the synchronous p a r t i c l e at <)>s, 
E / s \ . The ( l i n e a r i z e d ) equa t i ons of mot ion then are 

d <|> _ h coo AE 
d t s 2 E 

(1) 

d_ 
d t 

( A E , 0 J 0 

2nE/e <VRF + V i n d U 0 ) • (2 ) 

d>ios ~AE/E 

Fig. 3 Longitudinal phase-space coordinates 
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In most a c c e l e r a t o r s , the RF voltage V^p is sinusoidal 

V R F = V R F s i n ^*s - ^ " V R F ^ s i n * s " * c o s ^ (3) 

The last expression has been linearized assuming short bunches ( * « %) . 
v i n d » t n e induced v o l t a g e , is discussed in the next section. 

Since for electrons (y > y-r) the stable phase angle <|>s > n / 2 , we 
put <j>s = it-<tis, then cos ij>s = -cos <t>s > 0. For a storage ring, one 
chooses the stable-phase angle <fis to just compensate the losses U 0 due to 
synchrotron radiation and due to excitation of higher-order modes in the RF 
or incidental c a v i t i e s : 

U< 'RF s i n *s (4) 

We differentiate Eq. ( 1 ) , substitute E q s . (2-4) to get 

•pn u) d2<|) 
d t 2 2 u p 2 E / e 

(• • V R p cos * s + V i n d ) 

which we can write as a driven oscillator equation 

+ "so * 
i nd 

so 
V R F C 0 S *s 

(5! 

where 

so 
n h V R F cos 4>s 

2 n p 2 E/e 

1/2 

"o - v
s o

w o (6) 

is the natural or zero current (circular) synchrotron frequency. 

2. POTENTIAL WELL-EFFECT 

2 .1 Incoherent frequency shift 

The induced voltage is proportional to the average beam-current I 0 , it 
changes the synchrotron frequency and hence the b u n c h l e n g t h . We put 

V i n d V 0U) + ViU) e j u t 7) 
time-average perturbed part, 

oscillating wi th 
coherent frequency u> 
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We linearize the time-average term V 0( <|>) = -V0(|> and then obtain 

V,U) 
Vj cos A 

(8) 

Here u>s = (os(I) is the incoherent synchrotron frequency, obtained from 

the same formula as <o s o (Eq. 6) when we replace V R P by Vj = V R F ~ 

V 0 , i.e. the total voltage which can be expressed as 

'RF * (9) 

so 

Vj is the total RF voltage seen by the beam and is equal to the 

difference of the applied and the induced voltages. 

Fig. 4 Variation of synchrotron frequency with current 

The incoherent synchrotron frequency is thus given by 

s 

"so 
' • r • 

VRF 

(10) 

For an inductive wall, valid for long bunches, the induced voltage has been 

worked out in Ref. 1. Defining an effective impedance 

eff Im _ gz, 

one finds (see Fig. 4) 

o„2 2 

direct space-charge 

( 1 1 ) 

1 - Wb 
œ so 3 B 3 h V R F cos I , 

'RF 

(12) 

where B = L/2nR is the bunching factor for a bunch of length L 
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For other impedances the expression (12) has the same form but leff 
is given by a different expression (and depends on ajs ) . 

2.2 Bunch-lengthening 

The bunch length changes differently for electrons and protons. We 
start from the linearized relation between bunch length and energy-spread 

P 2 v s E 
(13) 

i) for electrons, the energy spread a E is independent of current and 
hence 

or so (14) 
so 

ii) for protons the phase-space area, proportional to length times energy 
spread, is conserved for increasing current. We replace as by L, a E 

by A E in Eq. (13) to get 

-l or (i-) 2 = ! ^ . (15) 

When the potential-wel1 effect changes ios, this therefore also affects 
bunch length. For simplicity we introduce the abbreviations 

a s L "s = — = x, — = y and 
aso L n

 uso aE, = z 
(16) 

We can then write the potential-wel1 formula (Eq. 6) as 

y 2 = 1 - — Z 3 eff (17) 

where the coefficient 

A = 
SB^hVn,- cos A n Kl- s 

(18) 

is proportional to the beam-current per bunch I D , and B 0 

bunching-factor for zero current. 
Ln/2itR is the 
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These relations between bunch length and synchrotron frequency then 
become simply: 

i) for electrons xy = 1 (19a) 

ii) for protons x 2y = 1 . (19b) 

Substituting these expressions into the potential well formula (17), we 
obtain a cubic equation in x for electrons and a quartic for protons. We 
can combine them into the single equation 

x 3 - x* 1 = A Z e f f , (20) 

where the upper sign holds for electrons, and the lower one for protons. 

For general impedances, Z eff is also a function of the bunch length 
(and hence x ) . Thus the equations for x become transcendental and can only 
be solved numerically. For resonant impedances, this is done in the compu
ter program BBI 2 ) which calculates b_unched-b_eam instabilities for up to 
three resonant impedances. 

2 . 3 Turbulence 

These expressions have been verified experimentally for small currents 
(per bunch), but they disagree with observed results above a certain cur
rent where one finds stronger bunch lengthening as well as bunch widening 
(increase of O E ) . Starting from an analysis of the "waterbag" model 3), 
one obtains a semi-empirical law 

AZ x3 = -JL , (21) 
y 2 

where the critical impedance Z c r is an adjustable parameter. It has been 
proposed 4) to use Z c r = |Z(c/a)| which gives good results for long 
bunches, but poor agreement for shorter ones. 

Above the "turbulence" threshold a£ is not constant; we eliminate y 
from Eqs. (17) and (21) to get a new equation for the bunch-lengthening 
factor x: 

x 3 = A ( Z c r + Z e f f ) . (22) 
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The solutions of this equation should only be used when they are larger 

than those of Eq. (20). The threshold is found when the two solutions are 
equal: for electrons, we divide Eq. (20) by x = A • Z c r , obtained from 
Eq. (21) for y = 1/x (Eq. 19a). This eliminates A and we get the threshold 
lengthening factor 

Z. 
kth 1 + "eff 

cr 

We can also eliminate x from these equations to get 

(23) 

A t . = (Z + Z ~ ) l / 2 / Z 3 / 2 

th v cr e f f cr (24) 

and hence the threshold current from Eq. (18) 

h V R F cos $ 
I + . = 3B 3 K h . 1 (Z + Z ,. 
th o z 3/2 cr eff 

cr 

,1/2 (25) 

In the turbulent region (I > Ith) the incoherent synchrotron fre
quency is found by dividing Eq. (22) by Eq. (21) 

so 

which is independent of current. 

<* + Z e f f / Z c r .-1/2 26) 

The bunch-widening factor is obtained by replacing Eq. (19a) with the 
general relation x«y = z 

1/3 
"E 

t 0 
(- I 
I • ) 

(27) 
th 

These relations were verified experimentally for long bunches (in DCI). 
The agreement is less satisfactory in short-bunch machines, such PEP or 
PETRA, for which fact the somewhat arbitrary choice of u c r was blamed. 

There have been many attempts to explain turbulent bunch-lengthening, 
but none are really satisfactory so far. They include turbulence theory 
from plasma physics 5) (which gave the name), solutions of the Vlasov-
equation 6 , solutions in the time-domain 7), waterbag model and scal
ing laws 3), relation to the microwave-instability 8), longitudinal 
mode-coupling 9) as well as the combined potential-wel1/turbulence 
theory1*) described above. 
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3. LONGITUDINAL STABILITY OF BUNCHED BEAMS 

3.1 Viasov Equation 

When the density is high enough that the particle nature of the beam 

can be neglected, one may describe the distribution by a continuous density 

function 4, in longitudinal phase-space 

4> = r «cos e 

5> = «J «r «si n e 

On the other hand, the density should be low enough that collisions between 

particles can be neglected: then the evolution of 4, is described by the 

col 1isionless Boltzmann equation: 

1* = £ • + i ** + ; 2+ = 0 . (28) 
dt at a<t> ôfc 

This expression is called the "Viasov" equation when it is combined with 

the equations of motion for the charged particles. Here we take simply the 

linearized synchrotron motion 

• + oos
2<t> = F : . (29) 

We transform to amplitude-angle coordinates r,e and get : 

a * _ a * a * . a * a^> _ $> a ^ + A Ô<I» 
5 6 a* a e a$> a e o) sa<t> afc 

to obtain, first, the Viasov equation in mixed coordinates 

!• - u 1Î + F x 1 4 - 0 . (30) 
at s ae â > 

We shall write the distribution function 4, as a superposition of the time-

average <\,0 and a small perturbation <\,lt which is oscillating at the 

coherent frequency u 

Y = To + *1 ' e J (31) 
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We now linearize the Vlasov equation by neglecting second order terms. 

Since ôfo/ôt = 0> t n e zero-order term yields ô^o/ôQ = 0 and shows that the 

unperturbed distribution function is only a function of the phase-space 

amplitude r. One finds therefore 

54»o _ d(|)0 # sr_ _ sin e dcp0 

a$> dr a5> i» dr 

and one obtains the linearized Vlasov equation in the final form 1 0) 

(32) 

which yields the evolution of t\,± for a given unperturbed distribution func

tion 4>o. To solve it, we have to specify the induced force which will be 

expressed as 

F l = & I Zp £p e"* 
P 

(33) 

where the coefficient 

*h 
p 2v?E/e v 2E/e 

(34) 

is called the "scaling factor" and is proportional to the current. The fac

tors Zp = Z(o)p)/wp are obtained from the impedance Z(o)), evaluated at 

the spectral frequencies up » p^o + mu) S. £(wp) is the Fourier-

transform of the (perturbed) line-density, which itself is the projection 

of $1 onto the 4>-axi s -

Solutions of the Vlasov equation must be periodic in 9, hence one may 

write them as a Fourier-series 

+l(r.e) = I R (r) e 
m 

jme (35) 

For low currents, one can neglect mode-coupling and take only a single term 

with azimuthal mode number m. After integrating over 9 one thus obtains 

_ mil), j , 

J(- " "«-JRJr) = j m _ ^ l i o ç I z x J m(pr) . 
r dr p s ' m' 

(36) 
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3.2 Sacherer's integral equation 1 0) 

The line-density transforms Xp and the "radial functions" Rra 

are related by a Hankel transformation 

*p = J™ I Rm( r'> Jm ( P » " ) ^ d r" (37) 

We substitute this expression into Eq. (36) to get "Sacherer's integral 

equation" 

m coc d To » 
J U - m c o c ) R m ( r ) = _ i ç / G m ( r , r ' )R ( r ' ) r ' dr ' 

r dr o 
u s ' " n T 

38) 

w i t h 

G m ( r , r " ) = I Z n J m ( p r ) O m ( p r ' ) . mv if p m m !39) 

m = 2 
j £ A 

\ * / " \ * 

Fig. 5 Bunched-beam oscillations in phase-space ( $, $/cos) and real space 
(<|>) (m = 1 dipole, m = 2 quadrupole, m = 3 sextupole) 

Sacherer originally derived these equations and solved them by assuming 

specific radial functions R m(r) for a given distribution 4.0(r). In par

ticular, for a parabolic distribution he took sinusoidal modes, leading to 

an explicit expression for the coherent frequency shift 

mu)„ 
Aio„ -J 

i r h " { p î 

P_P 
m + 1 3B 3hV T cos • I h (p) 

P 

I, (40) 
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where 

B = L/2nR is the bunching factor and 

m (p)
 = ^n *-n t n e spectral power density of the m-th mode of the p-th 

harmon i c. 

3 . 3 Coupled-bunch modes 

The above theory permits a simple calculation of the stability of 
coupled-bunch modes and the Robinson instability of single bunches, but 
does not predict the microwave instability, i.e. a fast blow-up of single 
bunches. For this one has to include mode-coupling, i.e. keep all the 
terms in the infinite sum over m for i\,1 (Eq. 35). In general, particle 
beams become unstable when Ao^ has a negative imaginary part, since then 
exp(jo)t) ~ exp(-Im u.t) grows indefinitely. 

Sacherer's prescription for determining the stability of coupled-bunch 
modes : 

i) for M equally spaced + populated bunches, the "coupled-bunch mode-
number" 0 < n < M describes the phase-shift between adjacent bunches 

A* 2_K 

M 

ii) The "azimuthal" mode-number m decribes the shape of the oscillations. 
The most important one is the dipole mode with m = 1 (see Fiq. 6). we 
can fold the negative frequency over to the positive side as shown in 
Fig. 7. One then has to sum the real part of the impedance Z/n over 
all positive sidebands and subtract all negative ones to determine 
stabi1i ty 

> 0 unstable 
SUM above transition (cos $ >0) 

< 0 damped 

Figure 8 shows this procedure for a single bunch (Robinson insta
bility) while Fig. 9 shows the same procedure for four bunches (coupled-
bunch modes). 

3.4 Landau damping 

The oscillations actually become unstable only if their growth rates 
are bigger than the damping rates. In electron machines, radiation damping 
is usually strong. In both electron and proton machines, Landau dampinq 
occurs when there is a finite spread of synchrotron frequencies. The 
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F i g . 6 Broad-band impedance and spectrum o f m-th 
mode 

F i g . 7 Narrow-band impedance, spect rum f o l d e d 
over the p o s i t i v e u - a x i s 

CJr 

-»ou 

Fig. 8 Robinson instability: narrow
band resonator (Aw < co0)> resonant frequency w > pu 0 (above transition) 

* . 0 L > 

Coupled-bunch modes for M = 4 bunches: 
contributions for n = 0 modes (circles) 
and m = 1 (crosses) for wide impedance 
peak 
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correct method to evaluate this is by the use of dispersion inteqrals. A 

much simpler, approximate method is to compare the coherent frequency shift 

with the incoherent frequency spread. The beam is stable when the shift is 

less than about half the spread. 

The longitudinal frequency spread occurs due to: 

i) space-charge effects (direct + image), 

ii) non-linearity of the RF voltage. 

The latter contribution can be increased from the rather small non-

linearity of a sinusoidal RF voltage by a higher-harmonic or Landau cavity 

which is often used to improve stability. 

4. TRANSVERSE STABILITY OF SINGLE BUNCHES 

4.1 Difference to longitudinal, head-tail effect 

The analytical treatment is very similar to that for the longitudinal 

case. The major differences are : 

i) m = 0 mode: also for transverse dipole oscillations there are modes 

differing by the phase-shift along the bunch. But now also the 

"uniform" mode m = 0 must be included (whole bunch oscillating in 

phase) which usually can cause the strongest instability. 

ii) The chromâticity ç = (sQ/Q)/dp/p shifts the bunch-spectrum by the 

chromatic frequency uç = (£/a)Q<oo- The impedance is therefore no 

longer evaluated at (nearly) symmetric frequencies and due to this 

single bunches can also become unstable (this phenomenon is usually 

called "head-tail effect"). 

Because of these two particularities, the resistivity of the vacuum chamber 

walls can be of importance transversely, while its effect is completely 

negligible for bunched beams in the longitudinal plane. Sacherer's qeneral 

f o r m u l a 1 1 ) (mode-coupling neglected) for the complex frequency shift is 

quite similar to the longitudinal case 

Au J J io_ 
m + 1 -ym Q 2QOJ 0L 

I Z±( »n "J 
L m p V 

where up = coo(Mp + n + m v s ) is the spectrum of oscillations, and 

, 2R Z 
1 < b > 2 n 
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is the transverse impedance (cj/m). This simple relation between ZJ_ and 
Z/n holds only for impedances which are uniform around the ring, e.g. the 
wall resistivity. For cavities it is an average relation and breaks down at 
particular resonances. 

The head-tail effect is usually avoided by making the chromaticity 
£ = 0 or slightly positive. Then the most dangerous mode m = 0 is stable, 
while the higher modes m > 1 are weak and hence can be supressed by either 
radiation or Landau damping. 

4.2 Transverse mode-coupl i n_£ 

In large e + e _ machines the transverse impedance increases with machine 
radius (ZJ_ ~ R ) . Therefore, a single bunch instability may appear even 
for zero chromaticity when the frequency shift is of the order of the syn
chrotron frequency. As shown in Fig. 10, the frequencies of two modes, 
usually m = 0 and m = - 1 , can coincide so that strong coupling occurs lead
ing to exponential growth, i.e. instability. 

Fig. 10 Mode frequencies as a function of current 

The threshold current is approximately given by: 

2itoc E/e f(a) I = ...1 , 
<P> w r Rj/q 

where f(a) » 1 for short bunches and increases linearly with a for longer 
ones. This instability was first observed in PETRA and later also in PEP. 
Since LEP will be 12 times bigger, it may therefore become a major perfor
mance limitation. For smaller machines, it was no problem since ZL is 
small compared to Z/n and longitudinal effects are so strong that enough 
bunch lengthening occurs for transverse mode-coupling to be weak. 

I thresh. 
I y 
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5. WHAT HAS BEEN LEFT OUT IN THESE LECTURES? 

In order to shorten the material to a one hour lecture, we left out 
all derivations of Sacherer's equations, as well as more sophisticated 
theories to solve Sacherer's longitudinal integral equation such as: 

a) Direct conversion to eigenvalue problem 1 2). 
b) Expansion in orthogonal polynomials 1 3» 1 4'. 
c) Periodic integral solutions 1 5). 
d) Longitudinal mode-coupling 9). 
e) Resistive-wall effect 1 1). 
f) Head-tail e f f e c t 1 6 ' 1 7 ) . 
g) Transverse mode-coupling 1 8 > 1 9 ) . 
h) Landau dampi n g 2 0 ) . 

Other types of collective effects have been observed in accelerators 
and storage rings, and could not be mentionned here at all, e.g. the 
electron-proton (e-p) instability in coasting proton beams which has been a 
problem in the ISR. Ionization effects may also be of concern in bunched 
beams when the pressure of the residual gas is not extremely low. The 
description of these effects has to be left for a more advanced course. 

In Figs. 11 and 12 we show a number of oscilloscope traces obtained 
from a real machine (Saturne-Saclay) of oscillating bunches. 
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a) 

c) d) 

Fig. 11 Oscilloscope traces of longitudinal oscillations of a bunched 
beam: - longidutinal single-band oscillations, a) dipole and 
b) quadrupole mode; - cou pied-bunch oscillations of single 
bunches, c) superposed and d) mountain-range display. 

b) 

Fig. 12 Oscilloscope traces of transverse oscillations of a bunched 
beam: a) zero and b) finite chromâticity. 
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BEAM LOSSES AND LIFETIME 

A. Piwinski*) 
CERN, Geneva, Switzerland 

1. STATIONARY PARTICLE DISTRIBUTION AND LIFETIME IN e+e" STORAGE RINGS DUE 
TO QUANTUM FLUCTUATION AND DAMPING 

Quantum fluctuation and radiation damping determine the dimensions of 
electron or positron beams in a storage ring when no instabilities occur. 
Therefore, they give requirements for the dimensions of the vacuum chamber 
and the gaps of the magnets, and they also determine the luminosity, one of 
the most important parameters of a storage ring. 

It turns out that the stationary distribution of the particles in a 
bunch due to quantum fluctuation and damping expands to infinity. The dis
tribution is, however, cut off by the vacuum chamber walls or by the 
separation of the synchrotron oscillation and there is therefore a steady 
loss of particles. This gives a finite lifetime of the stored beam, the 
so-called quantum lifetime. 

In the following description of the diffusion mechanism we begin with 
the invariants of motion of the betatron and synchrotron oscillations which 
follow from the differential equations where no quantum fluctuation and 
damping is taken into account. The quantum fluctuation and damping are 
then introduced as small perturbations of the invariants of motion, and the 
distribution functions for these invariants are calculated. 

The betatron oscillation is described by 

x (s) = -/ep(s)' sin (<|>(s) + <|>0) 

with 

p(s) = amplitude function . 

The two invariants of motion are the emittance e and the phase constant 
<t> o. The distribution for <(> o is constant which will not be shown here. 
With 

Xp(s) = S-^JJ [cos U ( s ) + * 0 ) - a(s) sin U ( s ) + * 0 ) ] 

and 
*) On leave from DESY, Hamburg, Fed. Rep. Germany 
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a(s ) = - \ p ' ( s ) 

one can e l i m i n a t e <|>o and o b t a i n f o r e 

x 2 ( s ) + ( a ( s ) x a ( s ) + p ( s ) x ' ( s ) ) 2 

P(s) 

A convenient tool in determining the distribution for e is the Fokker-
Planck e q u a t i o n 1 ) which we will derive first. The distribution for e at 
the time t+T follows from the distribution at the time t by 

w(e,t+x) = / w( e-n,t)p T( e-T),Ti) 

with 

w(e,t) 
P T( e.Tl) 

distribution function for e 
probability that e is changed by n after the time t. 

The number of particles with an emittance between e and e+de is then given 
by 

dN = Nw( e,t) de 

where N is the total number of particles in the beam. 

We now assume that the change of e, i.e. n, is small compared to e and 
expand the integral equation for w with respect to t on left-hand side and 
t| on right-hand side where it appears as ( e-TI) . 

ôw w(e,t) + -^-•x + ... 7 [w(e,t)p (e,n) - — (w(e,t)p (E,n)) T, ôe 

1 Ô + J ^ - ? (w(e,t)p i.(e,T,))T)' ! - + ...] dn 

w(e,t) / PT(e,Ti) d n - — (w(e,t) J P^CE.T)) n dtl) 

with 

111 2 9e' (w( e,t) / p^( e.n) n 2 dî)) - + ... 
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/ P T ( e » n ) dn = 1 , / p ( e , n ) n d n = <-n> = <6e> , 

/ P T ( e , n ) T I 2 d ^ = < T , 2 > = < ô 2 e > . 

One o b t a i n s f i n a l l y the Fokke r -P lanck e q u a t i o n : 

ÔW 

at l£ (W(e,t) <*%) + \ --— ( w ( e , t ) < ^ > ) 

In order to solve this equation we have to determine the small changes of 

the emittance per unit time which are caused by quantum radiation and 

damping. 

1.1 Change of e due to quantum fluctuation 

Figure 1 shows that the emission of a photon causes a jump of the 

closed orbit where D is the dispersion, E p n is the photon energy and E is 

the particle energy. 

photon emission 

^ - ^ ; 

increase of amplitude 

decrease of amplitude 

F i g . l 

At the highest energy in PETRA (23 GeV) the critical photon energy, 

where most of the photon energy is emitted, is about 140 keV whereas the 

energy spread over the beam is 24 MeV. This means that the energy change 

is always small compared to the energy spread, and it also means that the 

change of the betatron amplitude is always small compared to the beam 

width, since <xp 2> has the same order of magntiude as D 2 < A 2 E / E 2 > . Figure 

1 also shows that the emission of a photon can increase or decrease the 

betatron amplitude depending on the phase of the betatron oscillation. The 

time intervals between emissions are distributed statistically and the 

variation of the amplitude is similar to the "random walk". 
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The total coordinates x and x' are not changed since the photons are 
emitted into the direction of the particle momentum and since the time 
interval of the emission is short compared to the oscillation period. With 

6x = 6 ( x + D | - ) = 0 

and 

one obtains 

ox' = 6(x' + D' F- ) = 0 

6x„ = D •ph 

ôx' = D' "ph 

The change of the emittance is then given by 

)6e = 2[xftD + (axfl + px')(aD + pD ' ) ] - ? - + [D 2 + ( aD + pD ' ) 2 ] - 7 -

The mean photon energy per unit time, i.e. the radiation loss is given by 

with 

Epn B 2 E 2 

<-!— > = p = p 
x ph r r ° B 2 E 2 

0 0 

V 0 = 3 recy Eo — 

B = magnetic field, r e = classical electron radius, c = velocity of 
light, p = radius of curvature, y - particle energy divided by its rest 
energy, prn> "o> Eo refer to the reference orbit and reference energy. 
For small deviations from the reference orbit and the reference energy one 
obtai ns 

Lph , AB A E 4 

<-J—> = P„ (1 + 2 — + 2 — ) . 
ph T „u r Q

x Bo ' L Ei)' 
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Sector magnets but not rectangular magnets give a contribution to the 
radiation losses which depend on the radial position of the particle. 

ôs = ̂  magnet 6s = 0 

With 

one obtains 

sector magnet 

m ' 

rectangular magnet 

F i g . 2 

1 f o r sec to r magnets 

0 f o r r e c t a n g u l a r magnets 

^P xE ? 

ph,4> 

X P P r o , , 2 ôB AE x 
p t OQ Sx t p m 

x p P r o 2 ôB x p 
< p E ( B 0 ax X p + J~ V * 

P r o 1 _aB ^m 
E ( B 0 Sx + 2p ) e 

In order to calculate <E p n/x>ph w e write the total radiation losses 
P r 0 as a Fourier series 

ro I P(mu)o) m = l 

where coo/2-n; is the revolution frequency and P"(moj0) is the power radiated 
with the frequency ma>o/2n. This follows from the representation of the 
electromagnetic field of a particle moving on a circle with constant 
velocity. We now introduce Einstein's relation for the radiated power 
which consists of quanta of energy "h"mio0 where "tl is Planck's constant 
di vided by 2n: 

P(mo)o) = n(mtoo) tlmuo 
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With n(miA)o) 

time. 

= number of photons emitted with an energy of tJmojo P e r unit 

With this relation one obtains 

Ph p h o Ph 

» n(mu>o)"h'2m2a>2 

Ï 
m = l 

n 

00 

.Ii 
Tim ( O o P ( l H K ) o ) 

00 

.Ii n 

where the average number of photons emitted per unit time n is given by 

n = 1 n(mu)o) 
m=l m = l h m a ) ° 

For < E 2 p h / t > p n one obtains f i n a l l y 2 ) 

< - ^ > = n <E 2 . > 
55 

- S i . l î * r , c ' l , T ' M ï 

The linear change of e per unit time due to the synchrotron radiation is 

then 

<i£> 
ph, <|>,C 

r r o , D ôB D 
= <—r~ (2 ô - — + -r & )> e + < E v

 B Q dx 6 m' c 

D 2 + (aP + p D ' ) 2 E p h 

C x E ph 

with C = circumference. 

The quadratic change of e per unit time is 

ô^e 4 ph 
- "P [*RD + («xfl + P X p ) ( « D + PD')] 7 F 

where terms with E 3

p n and E p n are neglected, 
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Averaging over the photon energies, betatron phases $ and the circum
ference gives 

A 2 

o e D 2 + (<xD + 8 D ' ) 2 Eph 
< > = 2e < — — > <-£-?> 

ph,<t>,C P 
T -u . , B c TE" p h 

1.2 Damping due to restoring the radiation losses by the rf voltage 

Due to the emission of a photon the absolute value of the particle 
momentum is decreased but not the direction of the momentum. In the 
accelerating cavities only the longitudinal momentum is increased but not 
the transverse momentum so that the betatron angle is always decreased 3). 

Fig. 

From Fig. 3 fo1 lows 

ô p s 
Ô X P = X P 2 " X P 1 " ~ X P T ( f ° r S m a 1 ' X p } 

•x \ 
6E 

P E 
(for high particle energies) 

xp is not changed if the dispersion vanishes in the cavities. With a 
finite dispersion in the cavities x 8 is changed but that gives no damping 
and no excitation except for the case that the synchrotron and betatron 
frequencies are close to a synchro-betatron resonance. In order to avoid 
these resonances nearly all circular accelerators are designed with zero 
dispersion in the cavities. We may, therefore, omit the dispersion and get 
for the change of e: 

6e = 2Rx'6x' + p 6 2 x ' 

•2 6X . 2 
6E 

6x ' 
62E 
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The last term is small and may be neglected. For the mean value of ôe per 
unit time one obtains 

ôe < — > ro 
• ,C 

The total linear and quadratic change of e can be written in the form 

ôe <—> = -2a Qe + M, 

* 2 

ô e < > = 2eM, 

with 

rro 1 D_ aB D_ 
< _ F T (2" " BÔ ax " 2p V * 

D 2 + ( aD + SD') 2 Eph 
< B > <^F> 

where 1/ap is the damping time of the betatron oscillations. With these 
abbreviations the Fokker-Planck equation for w e(e) becomes 

ôw , ôw 
e a e, 

-rr = -- (2a.eW + M r . 
at 3e P e B 3 e 

For the stationary distribution (awe/at 
i ntegrat i ng 

0) one obtains after 

3w 
; 2 a B W e + Mp TT)e = C ° = C ° n S t ' 

In order that w e can be normalised by 

/ w (e) de = 1 

CQ must be zero and one obtains 

aw 
2a aw + M. -z-^ = 0 8 e B 3e 
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with the solution 

2a. 2a. 
«JO - M - exp {- IT-} M M. 

Introducing x R and x' gives 

'e " M„ 
2a. 

exp {- W [xj + ( « x p + p x - ) 2 ] } 

Integrating over x' and normalising to unity gives 

"*<V -7n^«p <-^> 

with 

= 2 V a 0 

In a similar way one obtains 

V(x') -pfB. exp {- -5 } 

with 

°*« = 2 V aflp 

Fig. 4 



- 441 -

The number of particles between xp and x^+dx^ is given by 

dN = Nw ( x j dx„ . x ̂  p' 8 

The beam emittance is usually defined by 

"b 8 4a 

This is, however, not the mean emittance which is given by 

~ r P 
e = J ew ( e ) de = j ^ ~ = 2 e b . 

o B 
One has to distinguish carefully between the particle emittance, which has 
in electron-positron storage rings a Gaussian distribution, the beam emit
tance, which usually characterises the beam dimension, and the mean 
emittance. 

1.3 Lifetime due to aperture limitation of the betatron oscillation 

If the particle distribution is cut off by the vacuum chamber wall the 
density functions w x and w e must vanish at the wall surface as shown in 
Figs. 5a and 5b. 

1 1 
W x ( X p J 

% '/, 

~1 r x ; 
*fîm *|}m 

Fig. 5a Fig. 5b 

x Bm' x pi' e m ' 
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The maximum emittance e m is given by 

m A' 
(-5") 

mi n 

where A is the aperture. 

The one-dimensional continuity equation has the form 

aw a I

e 

ït + ÏT - ° 

where I e is the flux of density. Figure 6 shows the flux of density and 

the decrease of the density. 

I e(E.t) 

Fig. 6 

Comparing the equation of continuity and the Fokker-Planck equation one 

finds 

3e 1 ô , 6 2e . 
I = < — > w - 7 ~- < > w 

Aw 
= -e(2aw + M ~) . 

Multiplying with 1/e exp {2ae/M} gives 

e 2ae a , 2 a e . 
— exp {-jq—} = -M — (w exp {-„-}) M 

and integrating gives 
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m e <?ae 
J — exp { — } de = 

2 a e 

-M w exp {—jj-} 

= M w(0) 

since w is 0 for e„ 

It is obvious that for large e the flux I e is almost constant 
(Fig. 7) since the density is very small and therefore also the decrease of 
density. 

Fig. 7 

Since for small e the flux I e is proportional to e and I e / e is con
stant, the integrand has its maximum at e m where exp {2a e/M} has a large 
peak. One can, therefore, put I J e for e = e m in front of the integral: 

,m e .... ~ 2a e 
/ — exp { — } d, 
o 

em ,m 2a, 

m 0 

/ exp {-„-} d e 

M 2 a E m 
= lm TÏT e xP { _ M " } 

M w(0) 

Since for small e the distribution w(e) is not changed much by the cut-off 
at large e, w(0) is given in a good approximation by its unperturbed value 
2a/M. The flux of density is then given by 

4a 2e. 

em 

2 a e m m m 
- exp {- -ir-} . 
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The lifetime is defined by 

l i f e 

1 dN 
Tf dT 
X VJ I I U III 
i f TFT = " dT J w ( e , t ) d , 

,m aw 
/ â t d e 

,m s i 
J ôe 

em . 

W i t h 

2 a p E m 1 , x p m ' 
P M, 2 v a . 

one f i n a l l y o b t a i n s f o r t he quantum l i f e t i m e due t o the a p e r t u r e l i m i t a t i o n 
o f the b e t a t r o n o s c i l l a t i o n " * ) 

T l i f e 2 a „ r „ e ' 

With a damping time of 1/ao = 10 msec one obtains the following table: 

xpm 5 5.5 6 6.5 7 °P 5 5.5 6 6.5 7 

T l i f e 1.8 min 20 min 5 h 98 h 2476 h 

The dependence of the lifetime on the limitation of the betatron amplitudes 
can be measured by moving scrapers into the beam and it is found in good 
agreement with the calculation. 

1.4 Change of the invariants of the synchrotron oscillation 
due to quantum fluctuation 

The synchrotron oscillation is determined by two equations. The 
change of the longitudinal position is given by 
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d<|> AE 

ÏÏ = - h w » «M r 

with $ - longitudinal position with respect to the rf phase; h = harmonic 
number, a M = momentum compaction factor. 

The change of the energy in the cavities is given by 

d AE oipeU . . 
eft Ë~ = TâË~ L s i n ( • + •o) - s i n <t>0] 

w i t h U = r f v o l t a g e , $o = e q u i l i b r i u m phase a n g l e . 

M u l t i p l y i n g t he f i r s t e q u a t i o n by d ( A E / E ) / d t and the second by d<t>/dt 

g i ves f o r the d i f f e r e n c e of the two e q u a t i o n s : 

AE d AE w0eU d $ 
h<o0<xM -g- -jY j - + 2 n E [ s i n ( 4> + * 0 ) - s i n <t>oJ'Jt = 0 • 

I n t e g r a t i n g g i ves an i n v a r i a n t of mot ion 

A2E 
H = —— + * ( * ) 

E 2 

with the potential 

eU 
*(•) = 2-rchcc E [ c o s *° " c o s ( * + *o) - * sin $„ ] . M 

The integration constants are chosen such that H becomes 0 for AE = 0 and 

* = 0. 

The change of H due to the emission of a photon is given by 

E E 2 

AE Lph tph 
6 H - -2 r -r + r> • 

Averaging gives now 

AE Eph AE ,, „ AE ,2 SB 1 x n AE % < _ _ _ > = < _ P r Q ( 1 + 2 _ + ( _ _ + _ 6 m ) D _ ) > 

since all terms with x vanish in the average. 
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For harmonic oscillations, i.e. for small $, one obtains 

A2E 1 
= ô H <7T> . . " < $ ( ^ p e r i o d = 2 E period K 

The l i n e a r and q u a d r a t i c change of 6H i s then g i ven by 

P E 2 

6H r r o D ôB D t p h 
<—> = -2 <-=- (1 + Q - T - + - 6 m )>H + <- ! — > 

T E v B o ôx p m ' p 2 

6 2H P h . < > = 2 <-J—> H 

H is not changed in the cavities since the change of AE in the cavities 

included in the differential equation of the synchrotron oscillation. T 

Fokker-Planck equation for H is given by 

Ô W H ô d w H 

TTm ôH ( 2 a s H w H + Ms H ^ 

wi th 

ro D ôB D 
E x B 0 ôx p m y 

'ph 

where l/a s is the damping time of the synchrotron oscillation. T 

stationary distribution (awn/ôt = 0) is 

2a, 2 a s H 
W M ( H ) = M — e X P t " - M — > 'H' M M. 

Introducing AE/E and $(<(>) and integrating over $ gives after normalizing 

, s I A 2 E 
W E ( A E ) = TTTVi 6 X P {" *°f } 

with 

. £ ' s 

JE " 2 M a. 
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1.5 Lifetime due to cut-off of the synchrotron oscillation amplitudes 

The lifetime can be calculated in the same way as before in the case 
of betatron oscillations and one obtains 

1 r. 
life 2a r s s 

wi th 

2 a c H m A 2 E „ , s m m 
M. ~ 2 ai 

The maximum invariant H m and the maximum energy deviation A E m can be 
given by two different limitations: 

a) aperture limitation 

A E m = <D> mm 

where ( A/D ) m^ n is the minimum of the aperture over the dispersion in the 
whole ring. 

b) rf power limitation 

In this case the maximum energy deviation is limited by the separatrix 
as shown in Fig. 8. 

The separatrix is given by $' ( <t>) = 0 with the solutions <|> = 0 
(minimum) and <t> = n-24>o (maximum). The solution for the maximum gives the 
separatrix with 

H = $(n - 2<t>0) = ffha E [cos <t»o + ( *o - j) sin 4,0] 
M 

and 

A E m = E/ÎT m m 

The lifetime is then given by 
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_ e U E 

S ~ -, , 2 
C Ttn Ctij Op 

Tt 
[cos *o + («|io - j ) s i n <(>0] 

Th is l i m i t mos t l y de termines the maximum energy of an e + e ~ s to rage r i n g 

separatrix: H = H 

Fig. 8 

2. PARTICLE LOSSES DUE TO BEAM-GAS BREMSSTRAHLUNG 

An electron or positron of the stored beam, which passes an atom of 
the residual gas, is deflected in the electric field of the nucleus and 
loses energy due to radiation (bremsstrahlung). The energy loss can be so 
large that the particle falls out of the phase stable region of the syn
chrotron oscillation and is lost. 

etectron 

nucleus 

Fig. 9 
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If the dispersion is not zero at the position of the collision, a 
betatron oscillation is excited which can be so large that the particle 
hits the chamber wall and is lost in the betatron phase space. Bremsstrah-
lung is the most important effect of the residual gas in electron-positron 
storage rings. 

The differential cross-section for an energy loss due to bremsstrah-
lung between Eb and Eb + dE^ is given by 

4 r 2 Z 2 d E b 

d a = ~ n r ~ F ^ E ' E b ) T^" 

with r e = classical electron radius, Z = charge number, E = electron 
energy. 

The function F is usually given approximately for special cases. For 
high-energy electrons the screening of the nucleus by the outer electrons 
must be taken into account and for the case of complete screening the func
tion F is given by (Bethe-Heit1er) 5): 

r4 c b b , 183 1 t b 
F(E,E.) = [ T (1 - — ) + — ] In — - r : + - ( ! - — ) . 1/ 3 

The c r o s s - s e c t i o n f o r an e l e c t r o n l o s s i s t h e n g i v e n by 

F 4 r e z 2 4 E 5 A E m ^ m 183 1 E A E n 

J d f f = -TTT [<T< 1 n ÂÇ " 8 + — > " W7-) l n —J3

+ ? ( l n 1^ - l + — 
m 

:)] 

4 r e
2 Z 2

 4 

ln 137 3 '" AE ln 
183 
7 1/3 

The maximum energy deviation A E m is given by two limitations: 

a) limitation in synchrotron phase space 

A E m = A E s e p 

or 

AE m = E(x/D) 
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E ( x / D ) min 

separatrix 

- E ( x / D ) m i r 

Fig. 10 

b) limitation in betatron phase space when a large betatron oscillation is 
exci ted 

A E m = E - x / ^ 2 + U D + pD') 

where x m is the maximum betatron amplitude. 

In order to determine the loss rate of electrons we consider the 
volume S*dx (Fig. 11) 

N A = n A S dx 

Fig. 11 

When N ei electrons pass through the volume with N/\ atoms the 
number of electrons lost -dN ei is given by 

d N e l " " Nel NA I J d* 
m 

1 6 r e z 2 E 183 = -N_, n » dx , 0 1, In - T F - In j 'el "A U A 3.317 '" AE m z i / 3 

where n^ is the number of atoms per unit volume. 
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The lifetime T of the beam due to bremsstrahlung is given by 

1 1 d N e l 1 6 r e 2 z 2 E 183 
i= - F T "dt~ = 3.137 c n A l n r̂ 1 n — 

e l m Z 
1/3 ' 

Since the residual gas has different components with different molecules 
one has to sum over all components: 

nA = A «u n1 i ,J 

with 

a ^ = number of atoms j in ith type of molecule 

1. = number of molecules of the ith type per unit volume. 

The gas equation gives the relation 

FT 

with Pi = pressure of ith gas, k = Boltzmann constant, T 
temperature. The lifetime is finally given by 

absolute 

16r*c 
411kT l n &E 

•> 1 8 3 

I. «1J pi Z j l n T7T m 1 ,j J J 1 j 

This expression shows a strong dependence of the lifetime on the charge 
number Z -j j and a weak dependence on the maximum energy deviation. The 
lifetime due to bremsstrahlung is, therefore, mainly determined by the 
constitution and the pressure of the residual gas and hardly by the optics 
or the rf voltage. 

3. RISE TIMES AND DAMPING TIMES DUE TO INTRA-BEAM SCATTERING 

The intra-beam scattering or multiple scattering is a Coulomb scatter
ing of the particles within a bunch or within a beam if it is unbunched. 
It leads to an increase of the bunch dimension, i.e. to a reduction of the 
luminosity, and, when the aperture is filled, to a reduction of the 
1i fetime . 

The investigation of this effect is done as follows. After the 
transformation of the momenta of two colliding particles into their centre 
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of mass system (a) the changes of the momenta due to the collision are cal

culated (b). The changed momenta are then transformed back into the 

laboratory system (c). The changes of the momenta give the changes of the 

emmitances of the betatron oscillations and the change of the amplitude of 

the synchrotron oscillation (d). At first the average is taken over all 

scattering angles using the Rutherford cross-section (e). Then it is 

averaged over all momenta and positions of the colliding particles assuming 

Gaussian distributions (f). Now one can see that the result of the intra-

beam scattering is different below and above transition energy (g). The 

average values also give the rise times or damping times of the bunch 

dimensions (h). Finally experimental results of accelerators at CERN are 

di scussed (i ). 

a) Lorentz-transformation 

The three momenta of the two particles before the collision are given 

by 

^1,2 = Pl,2 s { 1 ' x i , 2 ' Z i . 2 s

}

j X > z 

in the coordinate system {s,x,z} (see Fig. 12). For the Lorentz-

transformation a new coordinate system {u,v,w} is defined by 

e u = (Pi + P 2)/|Pi + P2| 

e

v = Pi x P 2/ | P 1 x P 21 

$ = s x i 
w u w 

where e +

u, e"̂  and e*w are the unit vectors parallel to the coordinate 

axes. In this coordinate system the two momenta can be written as 

Pi , = P, , {cos a n ,, 0, ± sin a-, ,} 
^ l , i l ^ l ' * u,v,w 

where aj and a2 are shown in Fig. 12. 

A Lorentz-transformation parallel to the u-axis can now be made and 

gives for the momenta in the centre of mass system 

->• 
P, - = ± {p_,0, p } 

' Û W U,V ,W 

with 
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Fig. 12 

p- = * pl,2 tut ( C 0 S a l , 2 " p l j 2 

p = p, ~ sin a 1,2 

where the bars denote all quantities in the centre of mass system, 
is given by the condition 

Pi + P2 = 0 

or 

Pi (cos ai 
5 Jit. 
Pi -) + p 2 (COS a2 02 ) = 0 

and 

YlPl COS ai + Y2p2 c o s <*2 
3 Jit Yl Y2 

Change of the momenta 

The changes of the momenta of the two colliding particles have, 
symmetry reasons, in the centre of mass system the same absolute values 
opposite signs. They can be described by the polar angle <p and the a 
muthal angle 41 (see Fig. 1 3 ) . 
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Fig. 13 

After the collision the momenta can be written in the form 

pj , = ± {p sin ij> cos $ + p cos j, , p sin j, sin $ , p cos 4, 
V y C w û w 

p_ sin 4, cos $}_ 
û Û, v ,w 

We now assume that the particle velocities are non-relativi stic in the 

centre of mass system: 

»2 _ 0 2 r ( P l - P 2 ) 2 . 2 , . | 2 1 < f 1 

where p is the mean velocity of the particles divided by the velocity of 

light and p is the mean momentum. This condition is satisfied very well in 

the SPS with a\ ^ - 3 - 1 0 " 5 - 3.10 _ <* at Y = 300. In this case one gets 

and 

5*t 
cos o 1,2 " p 

Pi - P 2 

1,2 2 Y

2 p 

With the abbreviations 
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Pi - P 2 
v , - 5 , x' - x' = 0 , z ' - z' = ç 
YP 1 2 1 2 

a x + a 2 = 2a = / ( x ' - x ' ) 2 + ( z ' - Z 1 ) 2 ' = / © 2 + Ç 2 ' 
1 2 1 2 

one gets for the changes of the momenta in the storage ring system t 
expression 

6 p l , 2 = pi,2 " pl,2 

± j {2a-y s i n <|> cos ij> + yÇ(cos <p - 1) , 

/ £ 2 ' . - E0 
çVl + T—? s i n <f> - -5— co [C"/ l + 7—? s i n 41 - j - cos $] s i n 4» + e (cos <(, - 1) , 

/ E - E C 
[0/I + — - sin * - •=- cos <(.] sin <|> + ç (cos 4, - 1)} . 

4 a ^ ' a b > x »' 

d) Change of the oscillation amplitudes 

The betatron amplitudes are given by the emittances. Neglecting 
one gets for the change of the horizontal emittance: 

P x 6 e x = 2 6x p + 6
2 x p + p

2 ( 2x ' 6x ' + 6 2x') 

6xp is given, as in the case of quantum fluctuation, by the change of t 
absolute value of the momentum, and ox' is given by the change of t 
direction of the momentum: 

6 P 2 62p , 6 P x 6 V 

p x ô e x = -2x

P

 D r + D ;r + pi < 2 x ' — + ^ • 
Here we have neglected also the derivative of the dispersion D'. For t 
change of the vertical emittance one obtains 

6 P Z 6 2 p z 

6 e. = P. ( 2 z' - I T + 

z z P „2 

since the vertical dispersion is usually zero. 
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For the invariants of the linearized longitudinal motion one gets 

f 4 D , 2 1 , d Ap. 2 

(—) + -Q2 (-77- — ) for bunched beams 

H H 

OP 
for unbunched beams 

where Q s/2it is the synchrotron frequency. The change of H due to a scat

tering event is in both cases 

6 H = 2 ». EL + ^ P . 
P P P 

e) Averaging over all scattering angles 

The distribution of the scattering angles 4 and $ is given by the 

Rutherford cross-section: 

da = ( ) sin <p d <p d $ 

4 p 2 sin 2 ^ 

where r p is the classical proton radius. Integration over all scattering 

angles gives 

•n 2n 

S j 6pi d a = - -j — 3 7 1 n 
ô1» 

r { ^ . e . c } s > X ) 2 

it 21 
2 2 p r, 

/ / 6 P da = j —r- in Ï r—T-, l n ^ [r2(e2 + C2) + U 2 + C2) + U 2 - e2)] . 

The minimum scattering angle 4<mis determined by the impact parameter d by 

<l> r 
MU p 

t an -5— = 
2 2 B 2 d 

with 

d •» ̂  beam hei ght 
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Furthermore, 

2 B 2 a 

is assumed for the calculation of the integrals 

The change of the three invariants is then given by 

•n 2 i t 

/ / 
o *, m 

- ô t V y 2 _ , 

- 6 £ z i / p z -

da 

ur 
In 

4PL 

4 ^ i+ e 2

 + e 
YP 

4 x ' e + ç 2 + c 2 

4 z ' ç + s 2 + e 2 

4 2 Y C + p 2 
H x F x 

( 6 2 + C 2 ) 

f) Averaging over all particles 

The relative velocity between two colliding particles in the centre of 

mass system is 2cp. The probability for a scattering into 4. and 0 per unit 

time in the centre of mass system is 2cpp do where p = p/y is the particle 

density. The probability for scattering into cp and $ per unit time in the 

storage ring system is 

2cpp do 
scat 

since dt = ydt. In order to calculate the mean change of the invariants of 

all particles we have to average with respect to the 12 variables of the 

two colliding particles: 

s l s s 2 , x ,x ,z ,z , A P i / p , A P 2 / P . X 1 , x ' , z ' , z ' 
Pi P2 Pi P2 1 2 1 2 

where three of the twelve variables are dependent: 

S i = s 2 = s 

r, A P 1 r. A P 2 
x a

 + D —r = x Q + D — -
Pi P P2 P 

2 P l = Z P 2 = ' I 
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which follows from the assumption that the two colliding particles have the 

same position. It is assumed that all variables have Gaussian density dis

tribution except for the longitudinal distribution w s which can have a 

Gaussian distribution or a continuous distribution (unbunched beams). The 

total density function is then 

P = w s

2 ( s ) w x ^ p i ) % ^ p 2 ) w 2 M z p ) w p ( ^ ) w p ( ^ ) w x , ( x ; ) w x , ( x > 2 , ( z | ) w 2 , ( 2 ' ) 

Before integrating over the three variables we make the following 

substitutions 

x

P i , 2 = x p ~+ D ^ / 2 

Ap 1,2 
TI ± yl/2 

x ^ 2 = x ' ± e / 2 zi,2 = z" * ^ 2 

and the differential becomes 

dV = vdsdx D dz 0 dT idçdx ' dedz ' d£ 
p p 

Now s i x o f t he n ine i n t e g r a l s can be so l ved immed ia te l y and one 

o b t a i n s 

d_ 
dt 

<6H> / - ^ 

< d e x > / p x 

<ôe 2 > /P 
/ Y 2 J J 
V Y <"m » 

ôHx/y 

1 6 e X , / P x 

6 £

Z / P z 

d a dV = 

2A / / / exp { - l y i - (— + — ) 
o p 

2 2 

- OO . C O 4 < V 4 ° x ' 

Q 2 + Ç 2 - 2 Ç 2 

2 n 2 

^ + c z - 2 e 2 + 1

1 i - (Q' + ç* - 2 ç z ) 
p x 

Ç 2 + e 2 - 2C 2 

In (2 — p 2 ) 
dçdodç 

U 2 + e 2 + ç 2 ) 3 / 2 

wi t h 

A = 
r n c N h P o 

6 4 n 2 a s a a 0 a x , < J z l p V 
P P 

(bunched) 



- 459 -

where N^ is the number of particles in the bunch. For an unbunched beam 

Nb/<JS must be replaced by 2/itN/C where N is the number of particles in 

the beam and C is the circumference. 

g) Invariants 

Multiplying the equation for <ôH> by l - Y

2 D 2 / p 2

x and adding it to the 

equations for < ô e x > and < 6 e z > gives 

d r 1 D 2 < 6 e x > < 6 e z > 

_ [ < 6 H > { , + + 

Y Pz x z 
] = 0 

In a weak focusing machine the momentum compaction factor Œ M is given by 

"M 'T: 

After integration one obtains 

1 , < e x > < e z > 
< H > ( ^ - «„) + — + — = const . 

This equation shows that the behaviour of the particles is different below 
transition energy [ y 2 < 1 / " M ) a n d above transition energy ( Y

2 > 
l / a M ) . Below transition energy the sum of the three positive invari
ants is limited, i.e. the three oscillation amplitudes are limited. The 
particles behave like the molecules of a gas in a closed box (focusing cor
responds to the walls of the b o x ) . They can only exchange their oscilla
tion energy, but the total oscillation energy or the temperature is 
limited. In this case an equilibrium distribution must exist where the 
intra-beam scattering does not change the beam dimensions. 

Above transition energy the coefficient of <H> is negative and the 
total oscillation energy can increase as long as it does not exceed other 
limitations. In this case an equilibrium distribution does not exist. 

h) Rise times 

The rise times for the mean oscillation amplitudes, which determine 

the bunch dimensions, are given by 
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* 2 2 
1 1 d a P a h , 

1 d 0 x D 2 - 2 

X X p 

w i t h 

i_ l til i 1 £̂  
T Z

 = T ^ dt A f * b ' b ' b^ 

Y°v 
b = 

Y ° 2 . V%V2— 

and 

1 1_ _DJ_ 
2 ~ 2 2 

°h °p ax p 

1 c z 1 1 
f ( a , b , c ) = 8« / [In ( g - (-7=.+ - ^ ) ) - 0.577 . . . ] ( 1 - 3 

p = a 2 + x 2 ( 1 - a 2 ) , q = b 2 + x 2 ( 1 - b 2 ) 

The function f(a,b,c) is plotted in Fiqs. 14 and 15. For 

a = b = 1 

one obtains 

f(l,l,c) = 0 

i.e. for 

°>F? = cr„ i = a z' 

an equilibrium is reached, and the Gaussian function remains 
is possible only below transition energy, i.e. y < p/D. 



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
—a 

F i g . 14 

-1 

0.2; # 
02 ; 10J 

0.2; 102 

0.5,10* 
0.5; 10* 

0.5; 10» 

-5 

-10 

-10 2 

-10 3 

-101 

1 1 ] 

' 

i 

5 ; 10 J ^-^T 
5;103 ^ ^ \ 
5;10 l ' \ \ \ k t ^ 2 > 1 0 t 

-

- -

_ ~̂  

1 
1 

L 1 

Function f (a,b,c) 
Parameter b ; c 

• 

- -

1 
1 

1 
1 

1
1

1
1 

-
_ 

1 " • i ii 
1

1 

i 

lit 
0 0.1 0.2 0.3 0.4 0.5 0 5 0.7 0.8 -*- a 

Fig. 15 



- 462 -

i) Experimental results 

Experimental investigations in the SPS collider at CERN have shown 
that the decay of the luminosity consists of three parts 8). The first 
part is the increase of the dimensions of the proton bunches due to intra 
beam scattering. The second part is the loss of protons due to intra beam 
scattering and the third part is the loss of antiprotons due to the beam-
beam interaction. The total decay time of the luminosity x^um i s given 
by 

1 1 1 1 
— = — + - + + — • 
Aum v , 1 1 f e x l i f e 

The times t x • , T^fe and tiife are, very roughly, in the order of 60 
hrs so that the decay time of the luminosity is in the order of 20 hrs. 
Measurements of the rise time T X • agree very well with the formula given 
here. 

Also in the Antiproton Accumulator (AA) at CERN, where the antiprotons 
are cooled, intra beam scattering plays a role 9). After switching off 
the cooling system rise times of less than 1 h were measured. Thus the 
intra beam scattering gives a limitation for the antiproton density which 
can be achieved by stochastic cooling. 

* * * 
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ION SOURCES 

N. Angert 
GSI, Darmstadt, Fed. Rep. Germany 

INTRODUCTION 

Ion sources are used in many research fields such as mass separation, ion implantation, 
fusion, atomic physics, and a variety of accelerators for nuclear and particle physics with 
different requirements. The large proton accelerator facilities need beams of hundreds of 
milliampere protons, and recently H beams have become attractive. Tandem accelerators 
also start with negative ions of hydrogen, and with heavy ions which are then stripped to 
high charge states. During the last decade there was an increasing interest in medium- and 
high-energy heavy-ion beams. The design of injector accelerators for this application is 
strongly influenced by the charge states which can be achieved in the heavy-ion sources. 

This paper cannot deal with all the different types of ion sources used for accelera
tors, but it will try to give an idea of the different types involved and will explain the 
principles of the most important ones. 

PRINCIPLES 

2.1 Production of positive ions 

Positive ions can be created by supplying the ionization energy by means of photons 
and electrons or by contact ionization on surfaces. For the sources discussed here, bom
barding electrons are used. The basic process is 

e + A -* A + + 2e , (1) 

or for multicharged ions 

e + A i + - A ^ i + 1 ) + + 2e , (2) 

assuming only outer-shell step-by-step ionization and neglecting, for example, Auger pro
cesses etc. 

Figure 1 shows the ionization energies against nuclear charge for different ionization 
states, whilst in Fig. 2 the ionization cross-section versus bombarding electron energy is 
shown for different charge states of argon. From the latter it can be seen that, after a 
steep increase, the cross-section for a certain charge state reaches its maximum at about 
three times the ionization potential; it decreases with increasing charge state and, 
slowly, with increasing energy of the bombarding electron. For high production of a charge 
state, the electron energy should be about three times the ionization potential. This means 
10 to 40 eV for singly charged ions, several hundred eV for multicharged states, and keV to 
tens of keV for highly charged ions. 
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Fig. 1 Ionization energies for step-by-
step ionization of elements up to nuclear 
charge 30 

Fig. 2 Ionization cross-section versus 
bombarding electron energy for different 
charge states of argon 
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The time necessary for an atom to reach a certain charge state depends on the cross-
section and the electron current density. However, ion-loss processes are in competition 
with the ionization. Ions are lost by diffusion out of the ionization volume or by charge-
exchange processes with neutral atoms. Taking this into account, the time evolution of the 
charge-state distribution can be calculated from the following simplified differential equa
tion1): 

dnQ/dt = n0a0,i.ie (3a) 

dn./dt = n- ,a- , -i - n.a- . , , i - n-/x fi) , (3b) 
l l - i l - i , i J e l i , i + i J e r c1- ' ' v ' 

where 

no is the neutral particle density, 

n. is the ion density in charge state i, 

a- • is the cross-section for single-step ionization into charge state i, i-1,1 
j is the electron current density, 
x (i) is the lifetime of ion in charge state i. 

The charge-state distribution is mainly determined by a, i.e. by the energy of the 
electrons, and by j x , the product of electron current density and containment time. The 
diffusion time out of the ionization volume without any confinement is in the range of 
microseconds but, by using special magnetic and electric fields, containment times of up to 
seconds can be achieved. The dominant charge-exchange process is with neutral atoms, that 
between ions being much smaller because of Coulomb repulsion. The lifetime is in the range 
of milliseconds for residual gas pressures below 10"6 - 10 - 7 Torr2J. From Eq. (3) one can 
draw the following conclusions: 

i) high j and no lead to high current, but not to high charge states because of short x ; 
ii) high electron energy, low pressure, and long containment are needed for high charge 

states. 

This leads to the schematic diagram shown in Fig. 3, where n x = j x /v (v electron velo-
city) is taken for the abscissa and n x is a figure of merit as used in fusion reactors. 

2.2 Production of negative ions 

The process involved in the attachment of an electron to a neutral atom is exothermic, 
in contrast to the endothermic processes required for positive ion formation. The electron 
affinity, defined as the difference between the ground-state neutral Eo and the negative 
ion E energies 

E A = Eo - E n , (4) 

is a measure of the stability and ease of ion formation. Table 1 displays atomic electron 
affinities3), the positive values indicating ion stability and vice versa. In addition to 
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the formation of negative atomic species, many negative molecular ions have been observed. 
There is also an important class of negative ions which are only formed in excited metastable 
states. 

Table 1 

Electron affinities and ionization energies 
of elements 

GROUP IONIZATION POTENTIAL 

1 A 
ELECTRON AFFINITY 

VIII A 
ELECTRON AFFINITY 

2 He 
13 5 9 5 ^ 
0 7542 Il A IMA IV A V A VI A VII A 

24 58 
0 078 

3 Li 4 Be 5 B 6 C 7 N 8 0 9 F 10 Ne 
5 39 9 32 8 30 11 26 14 54 1361 17 42 21 56 

0620 ' . 0 0 28 1.268 0 1 462 3 399 • 0 

11 Na 12 Mq 13 AI 14 Si 15 P 16 S 17 CI 18 Ar 
5 14 7 64 5 9 8 8 15 10 55 10 36 1301 15 76 

0 548 " 0 0 46 1 385 0 743 20772 3615 • 0 

19 K 20 Ca 31 Ga 32 Ge 33 A i 34 Se 35 Br 36 Kr 
4 34 6 11 6 0 0 7 88 9 8 1 9 75 11 64 14 00 

0 5012 < 0 0 3 1 2 0 8 0 2 0206 3 364 • 0 

37 Rb 38 Sr 49 In 50 Sn 51 Sb 52 Te 53 1 54 Xe 
4 18 5 6 9 5 78 7 3 4 8 64 9 0 1 10 45 12 13 

0 4860 •- o 0 3 1 25 1 05 1 9708 3061 • 0 

55 Cs 56 Ba 81 Tl 82 Pb 83 B. 84 Po 85 At 86 Rn 
3 89 5 2 1 6 11 7 41 7 29 8 43 9 5 10 74 

04715 < 0 0 3 1 1 1.1 1 9 2 8 • 0 

V.B vue IB Il B 
21 Sc 22 Ti 23 V 24 C< 25 Mr, 26 Fe 27 Co 28 Ni 29 Cu 30 Zn 
6.56 6 8 3 6 7 4 6 76 7 43 7 90 7 B 6 7 63 7 72 9 39 
<"0 0.2 0 5 0 6 6 •- o 0 25 0 7 1 15 1 226 •• o 

39 Y 40 Zr 41 Nb 42 Mo 43 Te 44 Ru 45 Rh 46 Pd 4 7 Ag 48CrJ 
6 5 6 95 6 77 7 18 7 2 8 7 3 6 7 46 B 3 3 7 57 B.99 
•0 0 5 1 0 1 0 0 7 1 1 1 2 0 6 1 303 0 

57 La 72 HI 73 Ta 74 W 75 Re 76 Os 77 Ir 78 Pi 79 Au 80 Hg 
5 6 1 7 7 8 8 7 98 7 87 B 7 9 8 96 9 2 2 10 43 
0 5 ^ 0 0 6 0 6 0 15 1 1 1 6 2 128 2 3086 • 0 

•METASTA6LE 

Negative ions may be formed by means of several physical or physico-chemical mechanisms 
such as volume processes by electron impact and charge exchange in metal vapours and on sur
faces. Compared with positive ion production there is a large variety of processes, but 
only a few will be considered here. 

2.2.1 Volume processes*' 

Dissociative Attachment: Electrons are stably attached to atoms during their inter
actions with molecular neutrals according to the following reaction: 

e + XY •* X + Y (5a) 

or 

e + X 2 -+ X + X . (5b) 

Polar Dissociative Attachment: In this case the electron is not captured but excites only 
the molecule to an unstable state, 

e + XY -> X + + Y + e . (6) 
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Ternary Collision: This is most efficient in dense gas at low electron energies and is 
described by the reaction: 

e + X + Y -* X" + Y . (7) 

2.2.2 Charge-exchange processes in metal vapour5' 

Charge-exchange processes in alkali or alkaline-earth vapour targets result in a frac
tion of a positive ion beam being converted into negative ions with a conversion efficiency 
ranging from 0.5 to > 90%6 »7J. This mechanism offers a practical and efficient means of 
producing useful beams from elements which have negative electron affinity. 

2. 2. 3 Processes on surfaces*> 

Interaction between sufficiently energetic particles and a surface having a low work 
function can result in the formation of negative ions. This effect can be enhanced by 
alkali coating the surfaces exposed to the bombardments. There are two principle processes, 
namely: 

i) the thermodynamic equilibrium surface ionization, where the slow atom or molecule 
impinging on the surface is emitted as a positive or negative ion after a mean resi
dence time; 

ii) the non-thermodynamic atom-surface interaction, where negative ions are produced by 
sputtering a material in the presence of an alkali metal9J. 

3. ION SOURCES FOR POSITIVE IONS 

3.1 High-current sources 

In its simplest form a high-current ion source consists of a cathode filament sur
rounded by an anode cylinder or cube and a single or multiple aperture extraction plate 
opposite the cathode (Fig. 4). The end-plates El and E2 can be at anode, floating, or near-
cathode potential in order to reflect the electrons that are needed to provide a higher 
ionization efficiency. Discharge is ignited at a gas pressure of 10"' to 10"2 Torr, and a 
high discharge current is necessary because of the large anode area. With the availability 
of strong permanent magnets, multicusp sources are becoming popular for creating the plasma 
needed for high-current sources of singly charged ions. The discharge vessel is surrounded 
by magnets with alternating polarity, creating a minimum-B configuration which reduces the 
effective anode area and yields a quiet, homogeneous plasma of large cross-sectional area. 
Figure 5 shows a cubic multicusp source10). A cylindrical version11-* of the reflex type is 
shown in Fig. 6 together with its multipole field configuration. This source was especially 
developed for singly charged, high-current, heavy-ion beams of up to 100 mA operating with 
discharge voltages and currents of 10-100 V and 20-150 A, respectively. Details of further 
high-current sources can be found elsewhere11). 

3.2 Duoplasmatron 
An ion source which has been in use for many years, both for the production of high-

current proton beams and for lowly charged positive heavy ions, is the duoplasmatron source12) 
shown in Fig. 7. The discharge plasma is sustained by a thermionic cathode and is radially 
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Fig. 5 Multicusp ion source. Ions are 
ex t rac ted towards the bottom 

Fig. 6 Multicusp ion source for heavy ions 
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compressed by means of an intermediate electrode and an axial magnetic field. The anode and 
the intermediate electrode are made from ferromagnetic material and form the pole pieces of 
a magnetic yoke. Owing to the constrictions of the discharge, one or more double layers are 
generated along the plasma column, separating regions of different neutral pressure and 
plasma density. Near the anode there exists a relatively dense plasma with a high degree of 
ionization, whose potential is higher than that applied to the anode 1 3). The ions are 
extracted through a small outlet aperture in the anode. Figure 8 shows a design developed 
at GSI for multiply charged ions1"), which has a specially shaped magnetic field whose 
maximum value is near the anode orifice. The intermediate electrode channel is only 5 mm in 
diameter in order to achieve a higher plasma column impedance and thus higher discharge 
voltages and electron energy, these in turn creating higher charge states. Typical discharge 
voltages and currents are in the range up to 250 V and 20 A, respectively. This results in 
electron current densities j of more than 100 A/cm2. The residual gas pressure is estimated 
to be about 10~2 - 10"3 Torr. However, the containment time is only microseconds and, for 
example using xenon and milliampere intensities, the maximum charge states obtained are not 
more than 10+. Special designs for protons deliver several hundred mA of beam. 

3.3 PIG (Penning Ion Gauge) source 

Figure 9 shows the principle of a PIG source for multicharged ions. It consists of 
the two cathode blocks and a cylindrical anode in a magnetic field parallel to the anode 
axis. A discharge is ignited by increasing the gas pressure in the anode cylinder and 
raising the voltage between the cathode and anode. Contrary to the duoplasmatron source, 
where the electrons pass only once from the cathode to the anode, in the PIG source they 
are emitted from one cathode, follow the B-field lines to the other cathode, and are then 
reflected there. They oscillate in this way a few times through the discharge, thereby 
increasing the electron current density. Ions can be extracted either axially, through a 
hole in one cathode or, more commonly, radially through a slit in the anode, using the 
magnetic field simultaneously for charge analysis. 

To obtain the maximum value for the total ionization cross-section, and hence the 
maximum production rate for the ions, the electrons must have about three to five times the 
ionization energy for step-by-step ionization of the charge state considered. Therefore, 
it is advantageous to control the arc impedance and hence the electron energy. This can be 
done by additional heating of one cathode by an electron current from a filament. The out
put is then optimized by proper choice of arc-current, cathode heating, and gas flow, which 
corresponds to neutral density. These parameters influence the electron density, electron 
energy, and charge-exchange losses. Figure 10 shows the PIG source used at the Unilac. 
The top cathode is heated by electron bombardment, whereas the so-called anticathode is 
cooled. Solid materials can be fed into the discharge by sputtering from an electrode 
negatively biased with respect to the anode. This type of source has been adopted from 
Orsay15) and is based on the Dubna design 1 6' 1 7). The output of the PIG source is about 
100 times higher than from a duoplasmatron for charge states 7+ to 10+. Typical discharge 
voltages and currents are in the range up to 2000 V and 10 A, respectively. The residual 
gas pressure is estimated to be about 10"1* to 10"3 Torr. 
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3.4 Electron beam ion source (EBIS) 

In the plasma sources discussed above, the ionizing electrons gain their energy in 
plasma sheaths, and the value of the energy depends on the plasma parameters. In an EBIS 
(Fig. 11) an external electron gun launches a small-diameter electron beam into the ioniza
tion volume down the axis of a solenoid18J. The beam stops on the electron collector in the 
magnetic stray field. The potential along the axis is defined by a number of cylindrical 
drift tubes. The ions are contained radially in the electrostatic potential well of the 
electron beam and axially by the potential barriers on the end drift tubes. During a short 
'injection' period, the desired number of ions is accumulated in the well. Then the poten
tial distribution is switched to the 'ionization' mode, in which the first barrier is moved 
downstream to prevent additional low charge-state ions from entering the containment volume. 
When the average charge state has reached the desired value, the potentials are switched to 
the 'extraction' mode. This applies a potential ramp accelerating the ions into the extrac
tor. Typical extraction times are about 50 us, at 1-103 Hz repetition rate. 

The EBIS is an almost ideal source for very high charge states. Commonly operated at 
very low residual gas pressures down to 10" 1 0 Torr, and based on very good radial and axial 
confinement, containment times up to seconds can be achieved. In addition, high electron 
energies can be applied. Figure 12 shows a calculated evolution of charge-state population 
with the product j T for Ar with a 10 keV electron beam 1 9J. For source parameters of 
10 keV, 1 A electron beam, and 1 m length, the theoretical number of ions is 10 1 1/!, where 
i is the average charge state. Actual sources achieve about 101 of the theoretical 
values20-'. In addition to the 'injection' mode described above, ion injection from an 
external source (Fig. 13), which allows also the use of solid material elements, has been 
successfully tested 2 1). Most EBIS sources have superconducting solenoids 1 8> 2 0> 2 2> 2 3). 

3.5 Electron cyclotron resonance (ECR) ion source 

In an ECR source the ionizing electrons do not gain the desired energies in a plasma 
sheath or by electrostatic acceleration from a cathode; instead, the electrons of the 
plasma itself are accelerated by an oscillating electromagnetic wave19-*. If a metallic 
box (see Fig. 14) is filled with microwave power (e.g. f = 10 GHz, \ = 3 cm) and is large 
with respect to X, it can be considered as a multimode cavity. If this box is put into a 
minimum-B structure where the magnetic field strength is between 0.2 and 0.5 T, there must 
be a magnetic surface where the field strength is Bo = 0.36 T and the gyrofrequency of the 
electrons 10 GHz. Such a surface creates an electron cyclotron resonance, as there is 
always a component of the electric field perpendicular to the magnetic field in a multi-
mode cavity. If the electrons pass many times through this surface, they are stochastically 
heated. 

Figure 15 shows the two-stage MICROMAFIOS source of Geller 1 9). A plasma is produced 
in the first stage at high pressure (10~2 - 10" 3 Torr) by microwave power in an axial mag
netic field from which the cold plasma diffuses into the second stage. Here the ionization 
to high charge states is done by the energetic electrons of up to several tens of keV 
created by the ECR process. The background pressure in this stage must be < 10 6 Torr to 
prevent charge-exchange losses. For a long confinement time of the ions against plasma 
instabilities, a sextupole field is superimposed on the basic mirror configuration of the 
second stage, in a minimum-B configuration. 
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The ECR source can be operated both in CW and pulsed mode. The latter offers 3-5 times 
enhanced yield for high charge states of light ions. For instance, 100 uA 0 6 + could be 
achieved in this mode. The CW mode makes it an attractive source for upgrading cyclotrons 
for heavy ion operation. A superconducting ECR source has also been built in Louvaine-la-
Neuve and is used in a cyclotron injector system21*). 

4. ION SOURCES FOR NEGATIVE IONS 

4.1 Magnetron source 

Today, H ions are very important both for injection into circular accelerators, where 
by stripping to H the injection is not limited by Liouville's theorem, and for H° injection 
in fusion devices. About 10 years ago, most H sources were adapted positive-ion devices 
(duoplasmatrons, Penning sources) 2 5 ) . This has changed with the discovery that in a 
magnetron source H can be very efficiently produced on low-work-function, caesiated sur
faces 2 6) (a method now also adopted by Penning27-) and multicusp 2 8) sources). 

Figure 16 shows a schematic of a magnetron source. In a magnetic field of 1-2 kG a 
discharge is established between a cold cathode and anode mounted in such a way that there 
exist closed E * B loops around the cathode. Electrons emitted from the cathode by second
ary and photoelectric emission are accelerated by the cathode fall and bent by the magnetic 
field, describing cylindrical trajectories around the cathode. Caesium is fed into the 
discharge and is deposited on the cathode, creating the required conditions for surface 
production of H ions. Most existing magnetron sources incorporate two substantial im
provements : 
i) the cathode surface opposite the extraction slit has the shape of a cylindrical groove 

so that the produced H ions are focused into the extraction slit; 
ii) the gap between the cathode and the anode is not uniform 2 9). 

In this way current densities up to 3 A/cm2 can be achieved. 

4.2 Multicusp source with a converter 

The multicusp source shown in Fig. 17 has been developed for fusion applications 2 8), 
but may also be used for accelerators. The permanent magnets create the multipole field 
which is necessary to create a uniform and stable plasma. The discharge is maintained by 
several hot filaments. A molybdenum converter is mounted near to the centre of the source, 
with a curvature such that negative ions produced at its surface are focused into the 
extraction slit. The source is operated at a hydrogen pressure of about 10" 3 Torr, with 
caesium vapour introduced into the discharge. 

4.3 Charge-exchange sources 

Sources of this type consist of a positive ion source (for instance, duoplasmatron) 
and a charge-exchange canal where the exchange interactions take place. The exchange canal 
is usually a tube, ̂  0.75 cm in diameter and ^ 5 cm in length, to which is attached a gas 
line or an oven for introducing the gaseous or solid exchange material. The canal region 
can be biased negatively with respect to the source at ground potential, or at ground poten
tial with a positively biased source. The former configuration permits the extraction of 
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negative ions which are created by the positive ion beam from the exchange material itself 3 0). 
Figure 18 shows a schematic drawing of the Oak Ridge type source 3). In this particular mode 
of operation the formation processes are not through charge exchange but polar dissociation, 
dissociative attachment, and ternary collisions (the reactions described in subsection 2.2.1). 
In the exchange mode (exchange canal at ground potential), the use of universal-type posi
tive ion sources permits the generation of negative ions from any element which has a posi
tive electron affinity [Eq. (4)3, and also of metastable negative ions. 

4.4 Surface ionization sputter sources 

Several versions of negative ion sources are based on the fact that the negative ion 
yield of sputtered particles is greatly enhanced by the presence of a thin layer of caesium 
on the surface of the material being sputtered 3 1). A schematic of one of the most versa
tile negative-ion sputter sources is shown in Fig. 19. It uses a caesium surface ionization 
source at ground potential. A caesium beam of 0.1 to 1 mA is accelerated to ^ 20 keV and 
strikes a conical surface of ^ 20° half angle. The caesium serves both for sputtering and 
as an electron donor in the formation of negative ions, the latter being extracted through 
an aperture in the end of the cone. The source is equipped with an external indexed wheel 
which permits rapid change of ion samples. With this source, currents in the range from 1 
to 100 uA can be achieved, depending on the species. 

5. BEAM FORMATION 

Most of the ion sources considered so far are plasma sources from which the ions are 
extracted through circular or slit apertures by applying a voltage. The principles of the 
ion optics involved are derived from those of electron guns. New investigations have been 
stimulated during the past 10 years by the development of high-intensity beams for fusion 
application. Here only a few principles will be reviewed, further information being 
available elsewhere 3 2» 3 3). 

In a simple idealized model 3 2) (Fig. 20) the ions are emitted from a curved plasma 
boundary established by the balance between plasma pressure and the applied voltage. As a 
result, the ions converge toward this electrode before diverging as they pass through the 
aperture in the second electrode, this aperture being an electrostatic lens. The saturated 
ion current density J which can be extracted from a plasma boundary is 

J s = n. e(kT e/M)V 2. (8) 

Thus the total current is I = ^lJg-
The current I (A) is related to the applied voltage II (V) by the equation 

I (MV /2 C A \ fv^2 

—r - - Po — r = i.72 x io- 7 - , (9) u3/2 UJ W2) UJ 

where Po is the perveance for plane parallel electrodes, whilst M and i are the ion mass 
and charge, respectively. 
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For a curved plasma boundary we can consider the current flow from a small circular 
area of a spherical surface. This results in a perveance of 

P = P 0(l- 1.6 S6) , (10) 

where the aspect ratio S = ri/d, and 8 as defined in Fig. 20 is the convergence angle toward 
the extraction electrode. Taking into account the lens effect of the extractor, the result
ing beam divergence w is given by 

ai = 0.29 S(l-2.14 P/P0) rad . (11) 

This equation predicts that ID = 0 for P = 0.47 P 0, or 6 ̂  0.6 for S ̂  1; a> = 0 is called 
the perveance matched condition and would be the optimum value for beam transmission. In 
practice, however, the divergence will not go to zero because of optical aberrations in the 
beam-forming system (finite electrode thickness, distortion of plasma boundary), finite 
transverse ion energy (emittance), and space-charge forces. One can also use Eq. (11) to 
relate the variation in divergence to the variation in perveance and hence in plasma den
sity to obtain32J 

Au = 16.6 x S(An./n.) deg. (12) 

This predicts that for S = 1, only a 61 variation in plasma density (y plasma current) 
would change the divergence by 1°. 

The most common designs of extraction systems use three electrodes (triodes). They 
consist of a beam-forming electrode (which defines the potential of the boundary of the 
plasma), an earth electrode, and a suppressor electrode at a small negative potential which 
prevents electrons from backstreaming to the plasma source (see Fig. 21a). 

Other systems in use are four-electrode systems (tetrodes), where a further electrode 
is inserted between the beam-forming electrode and the suppressor electrode (see Fig. 21b) 
to control the gradient of the electric field in the extraction gap. It is useful for 
changing both the beam optics and the electric stress in the electrode structure31*). 

Today extraction systems are mostly designed with the aid of computational methods for 
the self-consistent electrical fields and particle trajectories. The major contributions 
of these methods, in addition to their analytical approach, have been the accurate calcula
tion of optimum perveance for special requirement such as maximum current or minimum 
divergence, and the detailed design of both outlet and extractor electrodes35). 
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MAGNET SYSTEMS 

M.R.Harold 

Rutherford Appleton Laboratory, Chilton, UK 

1. INTRODUCTION 

Despite the coming of age of superconductivity, as exemplified by the Energy Doubler 
at Fermi lab and the HERA Project at DESY, there is a continuing requirement for 
conventional, iron-cored magnets. These might be for an accelerator or a storage r ing or 
j u s t a single magnet for special appl icat ion. Thir ty years ago, pole prof i les were 
designed with the aid of conducting paper, and one or more prototypes were considered 
essential in order to guarantee that the desired f i e l d qual i ty would be forthcoming. 
Nowadays, we have computer programmes to help us, and the i r accuracy is such that in most 
cases no prototype at a l l is required; provided that a small amount of correction is 
allowed for at the pole ends, a considerable amount of time and money can be saved by 
the i r use. 

A large proportion of those people involved with accelerators are l iab le to be asked 
to design a magnet at some stage in the i r careers, and a description of the process is 
given below, including useful formulae and rules-of-thumb, in the hope that some time can 
be saved in the learning process. The problem is to design a magnet in which correction 
for the higher poles present in the end-fields are corrected in the pole p r o f i l e . 

2. INITIAL DESIGN 
I w i l l take as an example one of the quadrupoles required for the AC (antiproton 

co l lector ) r ing which is to be commissioned at CERN in 1987 K The given parameters were 
as fol lows: 

Effect ive length ( L e f f ) = 0.75 m 
Central gradient (g ) = 6.47 T/m 
Sextupole component (G* /G ) = 0.617 m - * , where 

° ' d 2 

G = -S-j / B ds 
dx 

Go = 4 / B z d s 

The good f i e l d region was +_ 160 mm (H) by j ^ 33 mm (V). Within th is region the ult imate 
requirement was thatAG/G M x 1 0 - 3 , where 

* G = 4 J Bzds)x - ( 4 J Bzds)Q 

Other restraints were that the overall length should be as short as possible and the cur
rent I should be about 2000 A, while the available cooling water pressure was to be 10 Bar 
with a maximum allowable temperature rise AT = 20 °C. 
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After making allowance for a vacuum chamber containing a beam posit ion monitor, the 
inscribed radius r was f ixed at 132 mm. The ampere-turns required for a quadrupole is 

NI = g / / 2 u o 

and N was chosen to be 27 turns per pole. 
The ef fect ive length of a quadrupole can be expressed as 

L e f f = L i r o n + a r > 

where a is a factor which depends on the geometry of the co i l s at the pole ends. I f the 
co i l ends are close to the po le - t i p , a ^ 0.8, but i f they are withdrawn as in a 
saddle-type c o i l , then a approaches un i ty . Our i n i t i a l guess for a was 0.85, as we wanted 
the co i l s to be of the race-track type for ease of manufacture. 

The pole contour (without the sextupole term) is given by the hyperbola 

xz = r /2 

and is terminated by shims - small 'growths' of steel to extend the good f i e l d region. An 
i n i t i a l guess has to be made as to the pole width - th is is very dependent on the qual i ty 
and extent of the good f i e l d region required. I t is not necessary to have extra 
pole-width in order to allow for the subsequent inclusion of higher-order poles. 

Having now approximate dimensions for the pole, the length and resistance of the 
conductor can be calculated and the coolant flow determined. This can be derived from the 
formula 

AP = £(8qa" - 4 ) ' - 7 9

 Where AP = pressure drop (Bar) 

I = flow path length (m) 
q = l i t res /m in 
a = flow area (mm ) 

The water temperature r ise is given by 

AT = 0.06 ( I 2 R)/4.2q 

The working current density is determined by balancing the running costs of the magnet 
against the capital cost, and will vary from country to country. If possible, the coolant 
hole size should be adjusted so that there is at the most one water circuit per coil. 

Knowing now the dimensions, we fit the coils round the pole, allowing for packing, 
insulation and growth due to winding inaccuracies. The two dimensional field (B z along 
the horizontal median plane) will be roughly as shown in Fig. 1, with the peak field 
occuring approximately at the start of the shim, x s. An estimate of the total flux 
which has to return through the yoke is given by 

* = 9 x

s ( x s + y / 2 

and the width of the return yoke 
w = <f>/B 

where the f i e l d B in the return leg would typ ica l l y be 1.4-1.5 Tesla. The width w must be 
large enough to accept the end f i e l d f l ux . 
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At this stage we can also estimate the inductance, a parameter of interest with 
regard to the power supply. This is 

L = 8N<H e f f/I 

Unfortunately, the running of th is design on a 2D magnet programme showed that the 
f l ux at the root of the pole was about 2.0 Tesla, at which level saturation effects in the 
steel are dominant. A re-design (see F ig. 2 ) , in which the pole length was much reduced, 
necessitated the use of saddle-shaped co i l s which are more expensive and s ign i f i can t l y 
increase the e lec t r i ca l resistance and water flow path length. The magnet also became 
la rger , but some of th is increase in size was counteracted by making the pole assymetrical 
about the 45° l i n e , taking advantage of the small ver t ica l size of the good f i e l d region. 

The next section b r i e f l y describes the magnet programmes used. 

3. MAGNET PROGRAMMES2"5^ 
3.1 Two dimensional 

MAGNET is very easy to use and set up. I t is fast and can employ a very f ine mesh, 
but i t assumes l e f t - r i g h t symmetry and therefore cannot be used for a quadrupole 
containing a sextupole component. 

PE2D takes longer to set up, but is easy to use and makes no l e f t - r i g h t assumptions 
unless asked to . I t w i l l calculate eddy-current d is t r ibu t ions and losses. MAGNET and 
PE2D have been compared for the same problem and agree in f i e l d gradient to 1 or 2 parts 
i n 10 3 . 

To use PE2D, the magnet is divided into 4-sided regions, for each of which is 
specif ied the : 

a) coordinates 
b) material 
c) current density 
d) n-value (for linear calculations) 
e) number of subdivisions for each side 
f) B-H curve . 

A f ine mesh (5-10 mm) is required in and near the areas of in te res t , ie the pole face, the 
shims and the a i r gap. The programme generates a t r iangular mesh (see F ig. 3) using (at 
RAL) a PRIME computer, and i t is then submitted to a main frame for non-linear i t e r a t i o n . 
Typical ly 12 minutes of CPU time are required for the non-linear solut ion of 180° of 
quadrupole with quadratic elements. A post-processor on the PRIME is used to obtain 
f i e l d s , contours, eddy losses, etc. 

3.2 Three dimensional 
TOSCA was wr i t ten before PE2D and parts of i t are not as user- f r iendly as that 

programme. I t uses a square, rather than a t r iangular mesh, which is sometimes 
inconvenient for quadrupoles. I t is capable of handling quite complicated magnets 
(^ 40,000 nodes) but the way in which the problem is meshed is extremely important. I t is 
recommended that users learn about the programme on a small programme f i r s t so as not to 
waste a l o t of CPU time. TOSCA can be used in 2D mode, which has a very much quicker 
turn-round, and th is also is recommended as a means of deriving a sat is factory mesh (by 
comparing the results with the 2D programme). 
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Fields can be calculated to various degrees of accuracy, the most accurate being very 
expensive but seldom required. For a 180° quadrupole plus sextupole (% 20,000 nodes), 
typical CPU times are as fo l lows: 

Integrat ion over the co i ls 1400 s 
I tera t ions (^22) 3600 s 
F ie ld calculat ion (4800 values) 900 s 

The co i l s are represented by arcs and st ra ight sections. The tota l number of conductors, 
which heavily influence CPU t ime, was seven in th is case. 

Where parts of the magnet are tending towards saturation (such as the shims) i t is 
very important to use a B-H curve which represents accurately the steel to be used. The 
packing factor should also be allowed for by, for instance, mul t ip ly ing the B values in 
the B-H curve by the estimated packing factor . 

4 . POLE PROFILE ADJUSTMENT 
Returning now to the problem, th is is run in 20 (non-l inear, 90°) and the shims 

adjusted to obtain the required f i e l d qua l i t y . I f possible the pole-width is reduced, 
thus enabling the magnet to be reduced in s ize, and the f i e l d in the return yoke is also 
checked. We now run T0SCA in the 2D mode, and adjust the mesh to get good agreement with 
the 2D programme resu l ts , at the same time bearing in mind the ult imate size of the 
problem which w i l l have to be run in 3D. 

We now go through the fol lowing steps: 
a) Run in 3D and adjust the core length to get the desired L e f f 
b) Plot AG/G versus x,z (see F ig. 4 ) . The allowed poles for an assymetric 

quadrupole are 4 , 8, 12, 16 e tc . 
c) Calculate the 8 and 12-pole coef f ic ients and mul t ip ly by 

Lef f /L i ron-
d) Change the signs and include in the pole p ro f i l e (see Sec. 5 ) . 
e) Check the new p ro f i l e in 2D. 
f ) Run the new p ro f i l e in 3D and check A G/G versus x.z is f l a t in the 

central region (F ig. 5 ) . 
g) Now introduce the sextupole component into the p r o f i l e ; th is requires that 

180° of the quadrupole is described in both programmes. Again we mult ip ly 
the required sextupole component by L e f f / L j r o n (F ig . 6 ) . 

h) Run in 2D to check, and adjust the shims (Fig. 7)*). 
i ) Run in 3D. Adjust the sextupole component i f necessary and optimise the 

shims (F ig . 8 H . 

Because of the lack of t ime, the f u l l optimisation of the shims was not carr ied out; we 
were confident that the f i e l d gradient could be l inear ised by means of the end shims. 

*> Since th is ta lk was given, the quadrupole has been manufactured and measured. The 
measurements are included in Figs. 7 and 8. By means of adjustments to the end shims 
the required tolerances on L e f f and AG/G have been achieved. 
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5. THE INCLUSION OF HIGHER ORDER POLES 
The ideal multipole f i e l d can be derived from a magnetostatic potential given by 

<(> = - k rn sinne where n = pole order 

2 
For a quadrupole <f> = u NI = | k „ r sin2e 

= k„xz in Cartesian coordinates 

The poles fol low equipotentials 

2 i .e . r =2x2 

I f we include higher poles, we get the equation 

k r 2 

* = ~ - = i k 2 r 2 s i n 2 8 + 1/3 k 3 r 2 s in3e + 1/4 k 4 r 4 s in4e + . . . . 

To solve t h i s , we convert to Cartesian coordinates and use Newton's i t e ra t i ve method, 
taking as a f i r s t approximation 

x = r 2/2z 
0 

A neater method (because computers can handle complex numbers) is that of conformai 
transformation. The two methods are exactly the same in principle. 

6. SOME PRACTICAL CONSIDERATIONS 
6.1 Coils 
6.1.1 Material 

There is still no clear cut winner in the competition between copper and aluminium as 
a conductor material. Whereas copper has nearly twice the conductivity of aluminium it is 
available only in limited lengths. Aluminium can be supplied in lengths limited only by 
transport considerations (at least 200 m), and seems to be the preferred material for the 
very long dipoles required for LEP and HERA. It is not possible, of course, to have a 
mixture of Cu and Al conductors on the same démineraiised water circuit. 

6.1.2 Keystoning 
This is the deformation of the cross-section when the conductor is bent. There is 

always the requirement to keep the overall length of a magnet as small as possible, for 
which small radii of curvature are indicated. Manufacturers prefer that the bending 
radius be greater than four times the conductor width, but it is possible to take special 
measures to prevent keystoning for radii smaller than this. 

6.1.3 Conductor Size 
The use of a high current , and thus a large conductor cross-sect ion, results in a 

small number of tu rns , a small water coolant path length and a good packing fac tor . 
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However, d i f f i c u l t i e s may arise where the pole is not wide enough for the cross-overs from 
one turn to the next to take place at the ends of the magnet. The co i l window may have to 
be enlarged to allow the cross-overs to occur within the body of the magnet. 

6.1.4 Insulation 
The standard insulation in use for normal applications today is glass or glass-mica 

tape impregnated with epoxy resin. Depending on the resin system, this can withstand up 
to 5 x 10? Grays before its flexural strength deteriorates significantly. 

For DC, high-radiation-environment magnets, mineral insulated (MI) cable is generally 
used. However, the packing factor is not good and great care must be taken to keep the 
ends of the cable well sealed against moisture. Because of the metallic, protective 
sheath enclosing the mineral insulation round the conductor, this cable is not suitable 
for AC magnets. 

Concrete being completely inorganic, it is extremely radiation-hard, but as in the 
case of MI cables will absorb moisture if allowed to. Complete canning of the coils is 
required, together with suitable current feed-throughs. 

6.1.5 Coils for AC Magnets 
The eddy power generated in a square conductor of side a, situated in a sinusoidally 

varying field of amplitude B, is given approximately by 

P = (TrBfa2)2/6p watts/m 

where f = frequency, P = resistivity, and skin effects have been neglected. Significant 
power losses would result if a conductor, say l x l cm^, were used to power an AC dipole 
or quadrupole, since the fringe field in the region of the coil can be (locally) several 
kilogauss. 

The problem can usually be overcome in one of two ways: 
1) Subdivide the basic conductor into 2 or 4 smaller, water cooled conductors, insulated 

from one another but connected in parallel. The subconductors have to be transposed 
in position relative to the others when going from pole to pole (in a quadrupole) or 
layer to layer (dipole). The manifolding for such a conductor set becomes rather 
extensive. 

2) The conductor is formed from a bundle of individual strands, each % 1 mm in diameter 
and coated with an insulator. Cooling has to be by indirect means, and therefore a 
low current density (^2A/mm2) results. This type of coil requires a very large 
bending radius, leading to extra overall length of the magnet, and is expensive to 
make. They have been used on such accelerators as CEA, DESY and NINA. 

6.2 Yokes 
6.2.1 Solid 

Solid cores have been used for magnets in storage rings (eg SPEAR), beam lines and 
for special applications (NMR). They are mechanically simple, but machining is expensive, 
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as is good qual i ty magnet s tee l , and ul t ra-sonic test ing may be required to detect 
blow-holes and f laws. 

6 . 2 . 2 Laminated 

Laminated magnets are usually more economic to produce if more than 1 or 2 of the 
same design are required. The lamination thickness is determined by the stampability of 
the steel for slow-pulsed magnets {1.5-2 mm) or, in the case of AC magnets, by eddy 
current fields and core-losses (0.35-0.5 mm for 50 Hz). 

6.2.3 Construction of Laminated Magnets 
Slow-pulsed or DC laminated magnets are usually constructed in the fashion pioneered 

at Fermilab for the 500 GeV synchrotron. The laminations are stacked on a f i x tu re between 
th ick end plates. The stack is compressed and an angle plate pressed on and welded to the 
laminations and end plates. On release of the compressing force the yoke may not be 
per fect ly s t ra igh t , d is tor t ions having been introduced by the welding. This can be 
removed by discreet hammering of the welds. 

For AC magnets, thick end plates are not allowed to cover the pole area, 
because of the eddy heating. Usually the poles are given a Rogowski r o l l - o f f to 
prevent such heating in the end laminations themselves. Epoxy res in , and perhaps 
insulated t i e - b o l t s , can be used both to reduce the chances of laminations shorting 
together and to prevent chatter. 

At Fermilab, Cornell and Argonne 'canned' combined function magnets have been 
constructed. The lamination stack is put in a th in stainless steel can, together with the 
c o i l s , and the whole vacuum impregnated with epoxy res in. A pressurised a i r bag creates 
the aperture required for the beam. Thus no separate vacuum chamber is required and 
stored energies are minimised. The disadvantages of th is system include the problem of 
high voltage feed-throughs for the co i l s and the qual i ty of the vacuum, which might resul t 
i n excessive pump maintenance requirements. 
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Fig. 1 For a symmetric quadrupole only 45° needs to be described. 

Fig. 2 An asymmetric quadrupole can be described in 90°, unless it has an odd-order 
pole component as shown here. 
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Fig. 3 An illustration of the triangular mesh used in PE2D. 

Fig. 4 The 12-pole component due to the pole ends shows up as a parabola when plotted 
on a quadratic scale. The 8-pole coefficient is derived from the displacement 
of the maximum from the ordinate. 
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Fig. 5 With 8- and 12-pole corrections in the profile, the gradient-error curve is 
essentially flat in the central region. Perhaps the 12-pole correction was 
slightly excessive. 

Fig. 6 The TOSCA square mesh used for this problem. The coils are put in separately 
and do not have to be meshed. 
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Fig. 7 The theoretical sextupole component has been subtracted in this plot of the 

gradient at the centre of the quadrupole. 
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Fig. 8 
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Prediction and measurement of the integral gradient errors. Again the required 
sextupole component has been removed. The errors in the central region are 
small, and the good field region was easily extended by machining the end shims. 
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VACUUM SYSTEMS 

0. Grobner 
CERN, Geneva, Switzerland 

1. INTRODUCTION 

Vacuum systems for accelerators can be characterised by their larqe 
linear size. For technical and economical reasons the beam pipe cross-
section is small and is defined by the requirements of the beam and by the 
surrounding bending and focussing magnets. Furthermore, the space which is 
available in the longitudinal direction for vacuum components such as 
pumps, bellows or flanges, is very limited since it is lost for the more 
essential functions like the bending or the acceleration of the particles. 

Contrary to other vacuum systems, openings to air are relatively 
infrequent, hence short pumpdown times are of secondary importance. As a 
consequence, the lifetime of pumps expressed in terms of the total quantity 
of pumped gas is not an important selection criterion. Due to the large 
size and the large number of individual components, reliability aqainst 
leaks is of primary concern. Required operating pressures range typically 
from 1 0 - 7 to 1 0 - 1 1 Torr covering high and ultra-high vacuum. This pressure 
is determined by the acceptable level of the interactions of the particles 
with the residual gas leading to beam loss, emittance growth or beam 
neutrali sation . 

During operation with beam, the initial 'static' pressure of the 
system may increase by several orders of magnitude. This 'dynamic' pres
sure rise can be due to ion bombardment of the vacuum chamber, as seen with 
the proton beam in the ISR or due to the intense photon bombardment by 
synchrotron radiation as in e + e " machines. 

The design of th e vacuum system is stron 'giy inf1uenced by requirements 
of beam stabi1ity. Ideally , a perfectly smoo th vacuum chamber without 
cross -section changes and without corrugated bell lows should be made Since 
this is difficult to obtain, a practical desi gn implies a number of compro-
mises . Bel lows , f1ar iges and vacuum valves h ave to be fitted with internal 
sleeves providing a smooth continuation of the beam pipe cross- section. 
Sudden cross-section changes are avoided by t :apered transit ions . 

Examples to illustrate particular aspects of accelerator vacuum 
systems have been chosen from the following machines: 

Intersecting Storage Rings, ISR, CERN 
Large Electron Positron Storage Ring, LEP, CERN 
SPS, Super Proton Synchrotron, CERN. 
PETRA, e + e ~ Storage Ring, DESY, Hamburg 
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THE C O N D U C T A N C E - L I M I T E D VACUUM SYSTEM 

For large, tubular accelerator vacuum s y s t e m s , the lowest o b t a i n a b l e 
vacuum or a l t e r n a t i v e l y , the highest o b t a i n a b l e average pumping speed is 
strongly dependent on the beam pipe c o n d u c t a n c e . To illustrate this impor
tant limitation imposed by the finite c o n d u c t a n c e , let us consider the sys
tem shown in Fig. 1. The symbols used here and in the subsequent sections 
are : 
L (m) distance of pumps 
S ( I s - 1 ) pumping speed 
P (Torr) pressure 
w ( m i s - 1 ) speci fi c ) specific m o l e c u l a r 

c o n d u c t a n c e 

q (Torr I s - 1 c m - 2 ) specific o u t g a s s i n g 
rate (uniform) 

Q (Torr I s - 1 ) gas flow 
A ( c m 2 m _ 1 ) specific surface area. 

h 
i r 
s 

-»~ x 

Fig. 1 Lumped pumping system 

In the m o l e c u l a r flow regime the flow of m o l e c u l e s along the vacuum pipe to 
the nearest pump is expressed by the equations 

Q(x; dP 
cfx and _ - «n dx A q 

T h e s e e q u a t i o n s can be combined to give 
d 2 P 
dx' • Aq 

together with the b o u n d a r y c o n d i t i o n s of this simple problem 

0 and P | x = 0 

dP 
dl x = L/2 

AqL 
S 

which f o l l o w from evident symmetry c o n s i d e r a t i o n s . As the solution we find 
the well known parabolic pressure profile along the beam pipe 

L x - x 2 . L P(x) = Aq (—;— + 5 ) . 

The maximum p r e s s u r e occurs at the midpoint between pumps 

max Aq (— + - ) 
4w S 
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For the accelerator the average pressure is more relevant 

P. av 
1 L L 2 L 
_ / P(x)dx = Aq (_ + _ ) 6w S 

It is convenient to define an 'effective linear pumping speed', 

5eff 6w S 

such that P a v = A q / S e f f in analogy to a 'lumped' vacuum system without 
conductance limitation. It is evident that S e f f cannot exceed 6 w / L 2 

irrespective of how large pumps are used. 

Equally, the lowest achievable average pressure is limited to A q L 2 / 6 w . 
Since the conductance is generally determined by the aperture of magnetic 
elements and hence tends to be made as small as possible for cost reasons, 
the only free parameter is the interpump distance L. Obviously, many small 
pumps at short distance are preferable to few and large pumps. Figure 2 
illustrates this effect for a vacuum chamber conductance of 80 m i s - 1 . 

Fig. 2 S e f f as function of 
pump distance for various sizes 
of pumps. 

- Vs 
P/Q (so/1) 

Seff™ 69 t s m 

i r Beruji ig magnet with integrated pump 1 • ! 1 Beruji ig magnet with integrated pump ! I \ straight 
section 

if straight 
section 

Fig. 3 Pressure distribution in the 
normal magnet structure of PETRA for a 
constant linear outgassing rate Q. 
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3. UNEAR INTEGRATED PUMPS 

In the limit of reducing the pump distance one arrives at a so-called 

'linear pump' which is for practical reasons integrated into the beam pipe. 

Such a pumping structure may be installed along the major part of the 

vacuum system and provides a linear pumping speed s ( l s - 1 m - 1 ) . The pres

sure distribution and hence the average pressure follows from the equation 

similar to the previous one 

d 2P 
w 

dx 2 

sP = -Aq 

Figure 3 shows the longitudal pressure profile along the regular bend

ing magnet structure in PETRA where sections with linear pumps installed in 

the bending magnets alternate with unpumped sections in the quadrupole mag

nets. Due to these indirectly pumped chambers, S eff is approximately 

halved as compared to the speed of the linear pumps. 

4. MOLECULAR CONDUCTANCE 

In high vacuum the flow of molecules is limited by wall collisions, 

i.e. the mean free path of the gas molecules is greater than the charac

teristic dimensions of the vacuum system. In this molecular flow regime, 

the conductance W ( m 3 s _ 1 ) is independent of pressure, therefore the flux of 

gas is proportional to the pressure gradient, 

Q = WAP 

Some useful expressions for conductance!) are : 

a) Orifice of area f (m 2) 

W = 36.4 f/F/M* (m 3 s- 1) 

b) long cylindrical tube, radius, r length, L 

W = 305(r 3/L) /FTM* (m 3 s" 1) 

c) long tube with elliptic section (semi—axes a,b) 

a 2 b 2 

W = 431 ; /Ï7M (m 3 s- 1) 
L / ^ D " 2 " 

where T is the absolute temperature (K) and M is the molecular weight. 

The molecular flow through complex systems can be computed with Monte Carlo 

programs adapted to the specific geometry. 
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5. VACUUM PUMPS AND VACUUM GAUGES USED IN LARGE ACCELERATOR VACUUM SYSTEMS 

10 

10 

10l 

10 

10 -S 

10 •10 

10 

10 

-11_ 

-12 

Pumps 

Rotary pumps 

Turbomolecular pumps 

Sputter-ion pumps 

Getter pumps 
Ti-sublimation 
NEG 

Liquid He, cryopumps 

Vacuum gauges 

Membrane-gauge 

Thermal conduct, 
gauge 

Cold-cathode gauge 

Hot-cathode, 
ionisation gauge 

Bayard-Alpert 
(B.A.) gauge 

Extractor gauge 

Fig. 4 



- 494 -

6. TURBOMOLECULAR PUMP 

The turbomolecular pump operates in the molecular flow region where 
the mean path of the molecules is larger than the geometrical dimensions of 
the fast spinning rotor b l a d e s ? ) . The circumferential speed of the rotor 
is of the order of the mean molecular velocity. Molecules striking the 
rotor receive a velocity increment in the direction of rotation, as shown 
in Fig. 5. Due to the appropriate configuration of rotor and stator 
blades, the transmission of molecules from the low pressure to the high 
pressure vacuum side is larger than for the inverse direction^). 

molecule 

rotor blade 
Fig. 5 Pumping principle 

The resulting pumping speed S ~ v G is independent of pressure with G, 
a geometry factor of the pump and v, the circumferential velocity, 
(v ~ 400 m s - 1 , i.e. 40'OOO-60'OOO r p m . ) . 

The compression ratio, K, is lowest for H 2 (~10 3) and increases expo
nentially with /M/T, for N 2 , typically K ~ 1 0 8 . 

This high compression for heavy molecules is the reason why turbo-
molecular pumps produce a clean, oil-free high and ultrahigh vacuum as is 
required for accelerators, without the use of special cold traps. 

Figure 6 shows schematically the layout of a mobile pump group for LEP 
for the pre-evacuation of vacuum sectors. The central part is a turbo-
molecular pump of 150 I s - 1 . 

7. SPUTTER-ION PUMP 

The widely used sputtei—ion pumps function on the basic principle of 
the Penning discharge in parallel electric and magnetic fields. A large 
number of discharge cells are combined to give a single large pump. 
Figure 7 shows a single cell with its anode cylinder and titanium cathode 
piates. 
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Manual Valve 

TRANSITION 
STAGE 

* ^ S ^ Disconnect 

i—\\/ High-vacuum 
I r*TK i so l a t i on valv 

Penning gauge n T M -

High-vacuum 
venting va 

PUMP 
GROUP 

U*3—l© 

Transi t ion chamber 

-£?) Pi ram gauge 

Turbomolecular 
pump 

" V ^ N J Aux i l i a ry 
i™S valve 

Low-vacuum 
i so la t i on valve 

Low-vacuum 
venting valve 

m Backing pump 

Oil-mist 
filter 

Fig. 6 Mobile pump group for LEP 

"-ENTRAPMENT OF 
BURIED ARGON IONS 

Fig. 7 Sputter-ion pump (Diode arrangement) 

8. PUMPING MECHANISMS 

Gas molecules are pumped by different processes 
Noble gases : ion burial in the cathode 
Chemically active molecules '2» N 2 » CO, form stable compounds 
with Ti sputtered from the cathode (gettering). 
H 2 : due to its light mass, is inefficient for sputtering; however it 
readily diffuses into the cathode. 
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Hydrocarbons, CH4, C 2 H 6 , 
fragments pumped independently. 

are cracked in the discharge and the 

An important aspect has been to optimize the pumpinq of noble gases. 
Such ion pumps have a modified cathode geometry ('slotted 1 cathode) to 
increase Ti sputtering and frequently use the 'triode' configuration shown 
in Fig. 8 where the cathode is at negative potential with respect to the 
anode and the pump housing. 

For use in LEP, new 'STARC E L L ' 4 ) ion pumps with a special, modified 
cathode arrangement have been developed by the firm Varian. 

SPUTTERED 
TITANIUM 
ARGON ATOMS 
BURIED HERE 

PUMP WALL 

OBLIQUE IMPACT CAUSES 
MAXIMUM SPUTTERING 

Fig. 8 Sputter-ion pump (Triode arrangement) 

9. PUMPING SPEED 

The speed is highest for a new pump but decreases and reaches a lower 
equilibrium value for a 'saturated' pump having operated for a lonq time at 
high pressure. A typical variation of the pumping speed for air with pres
sure, for a saturated pump, is shown in Fig. 9. 

50 

40 
= 

ce 
< 30 

20 

10 

I 1 Ml 1 1- M 1 I I I "I 1 I I1TTT [• 1 -1 1 I I I I I 1 1 1 1 1 1 II — 1 r 

1 1 111 11 1 1 1 1 1 I I I 1 1 1 M MM 1 1 

Nominal 
60 l / s - * - pump 

45 l/s size 

30 l/s 

4x10-1010-9 10" 10" 10 i-6 10"5 4x10'5 P (mbar) 
Fig. 9 Pumping speed for air for a saturated pump 
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Pumping speeds for different gases as compared to nitrogen are 
typi cal 1 y : 

Air 
H 2 

C H 4 

C 0 2 

Ar 

100% 
200% 
100% 
110% 
22% 

The discharge intensity is defined as I/P and is nearly constant over a 
wide range of operating parameters. Therefore, the pump current can be 
used as a (at least approximate) pressure indication (Penning gauge). 

10. LINEAR INTEGRATED ION PUMPS 

In accelerator vacuum systems the magnetic field required for the 
Penning discharge of the ion pumps can be provided by the field of the 
bending magnets. Such widely used 'integrated ion pumps' can be found in 
most electron machines. Since the magnetic bending field varies during 
acceleration, the minimum field at injection determines the radius of the 
pump cellsS). The approximate expression holds 

B r > 3 10- Tm 

implying large diameter pump cells for low field operation. 

11. GETTER PUMPS 

The getter pump operates on the principle that the getter forms chemi
cally stable compounds with the gas molecules such as H 2 , 0 2 , N 2 , CO, C 0 2 . 
Noble gases like He, Ar or hydrocarbons like C H 4 , C 2 H 6 , ... cannot be 
pumped by getters. 

The pumping speed can be estimated from the volume of gas molecules 
which strikes the unit surface area per second 

F = 4 v a 

with the molecular velocity 8kT 

urn 

hence F = 36.38 A / M ms - l 
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Here k is the Bolzman constant, T the absolute temperature (K) and m the 
molecular mass or M the molecular weight. Considering that molecules have 
a probability, a, to be adsorbed by the getter, the intrinsic pumping speed 
S = aF. The actual pumping speed depends, furthermore, on the conductance 
of the pump connections, e.g. the size of the inlet flange and the length 
of the connecting tubes. 

A widely used version of a getter pump is the Ti-sub 1 imation pump, 
illustrated in Fig. 10. To initiate the pumping action, a Ti-film is 
deposited by sublimation from a hot filament at a temperature of about 
1300°C. 

o o o 

Gettering Surface 

O Titanium Atom 

• • Gas Molecule 

Fig. 10 Schematic sketch of titanium sublimation pump and control unit 

Practical versions of sublimation pumps may contain between 3 and 6 inde
pendent Ti-filaments in one cartridge to increase lifetime and reliability. 

Saturation of a fresh film of titanium with adsorbed gas molecules 
takes place after typically 1 hour at 1 0 " 8 Torr and proportionally longer 
at lower pressures. 

Intrinsic pumping speeds at 20°C for different gases: 
S (m 3 s - 1 m - 2 ) 

H2 24 
N2 24 
CO 48 
C02 40 
H20 32 

Control Unit 

( • ) Active Gas Atoms Form 
Stable Compounds With 
Titanium on Gettering Surface 
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12. BULK GETTER 

A bulk getter or j<on-£vaporable fetter, (NEG) provides pumping without 

the need of sublimating a fresh getter film. This type of getter has been 

chosen for the vacuum system of the new LEP e + e " storage ring, more speci

fically the getter ST 101, made by the firm SAES, Italy consisting of a 

Zr Al a l l o y S ) . 

Following an initial activation of the NEG material under vacuum by 

heating to 700°C for a period of about 1 hour, gas molecules are adsorbed 

on the surface where they form stable compounds with the getter material. 

As in the case of a Ti-getter film, the bulk getter has to be regenerated 

once its surface is covered with adsorbed molecules. For regeneration, the 

NEG is heated to a temperature of about 400°C. This temperature provides a 

high diffusion rate of molecules from the surface into the bulk. As a 

result, a clean, active gettering surface is reproduced. 

The properties of the NEG depend strongly on the gas molecules. The 

diffusion rate for H 2 is high already at room temperature. The adsorption 

of H 2 is thermally reversible, that is, the NEG releases the previously 

pumped H 2 upon heating and H 2 may be removed by external pumps. Heavier 

gases, initially adsorbed on the surface, diffuse into the bulk of the get

ter during the reconditioning when the temperature of the NEG is suffi

ciently high. The variation of the pumping speed as a function of the 

quantity of adsorbed gas is shown in Fig. 11. 

S (I s"1 m"1) 

10*-

-| • • • i 1 ' • ' I 1 ' » • i 1 - Û 
tr 4 Kf 3 Xf 2 t)"1 (Torr-lm"1) 

Fig. 11 Saturation of NEG pumping speed with the amount of gas pumped 
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In the LEP machine 7) the NEG is introduced in the form of a constan-
tan ribbon, 30 mm wide and coated on either side with the getter powder 
(~ 18 g/m) (Fig. 1 2 ) . Activation and conditioning is performed by direct 
current heating. The total capacity of 1 m of ribbon exceeds 30 Torr 1, 
large enough for 10 to 20 years of machine operation. 

Alumi ni un 
extrusion 

Cooli ng channel Lead NEG, getter pump 

Fig. 12 Section of the LEP vacuum chamber with beam channel, getter pump 
and cooling water ducts. An external lead shield absorbs syn
chrotron radiation 

13. CRY0S0RPTI0N PUMPS 

Here, the adsorbing surface is cooled to liquid helium temperature. 
Pumping is obtained by condensation of gas on the cooled surface. In 
future large storage rings, (e.g. for LHC), cryopumping on the 'cold bore' 
of superconducting magnets will result in a very attractive and efficient 
continuous pump, in spite of the very small beam pipe aperture 8). The 
proposed vacuum system for the Large Hadron Collider with a cold beam pipe 
is shown in Fig. 13. 

Intermediate 
temperature 
shield 

Insul tat ion vacuum 

7/ 1 
/ • He dewar 

O A Mannet c o i l s Y O 

He gas out le t 

Kmvmw&yawM 
Cold bore 

r*"*^* 
-Bellows with 
sliding shield 

Vacuum Chamber 

—^==>N 
Valve a j 

(•v. 500 m intervals) Q y T Lateral connection and 
sputter- ion pump (SP) 

SP (80 m intervals) 

Fig. 13 Large Hadron Collider vacuum system 
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14. OUTGASSING OF THE VACUUM CHAMBER WALLS 

For any vacuum system the size of the required pumps is directly 
related to the outgassing. The first important source is static or thermal 
outgassing of weakly adsorbed molecules and diffusion of H 2 from the bulk 
of the material. The standard procedure to reduce thermal outgassing is 
the well known bakeout of the vacuum system. For an unbaked system the 
pressure is dominated by water. In a clean and well baked system H 2 will 
be the dominant residual gas constituent. Typically 

Total specific outgassing rate 
(Torr I s - 1 c m - 2 ) 

unbaked, 100 h 
pumpdown 
baked, 24 hours at 300°C 
stai nless steel 

io- 9 

i o - 1 2 

The second important source of gas in accelerator or storage ring 
vacuum systems is the so-called 'dynamic' outgassing in presence of the 
beam. Here, strongly bound molecules can be desorbed, which do not other
wise contribute to the thermal desorption. The importance of the dynamic 
outgassing can be illustrated in two examples: 

14.1 Ion-induced pressure instability, 
also known as 'pressure bump' observed in the ISR^J . 

Rest gas molecules are ionised by the circulating proton beam. The 
ions, repelled by the positive space charge potential of the beam, (150-200 
V/A) strike the vacuum chamber wall. This effect leads to desorption of 
strongly bound molecules. 

The flow of desorbed molecules can be expressed as 

n-j = -no L(I/e)n or 
Qi = na L(I/e)P 

T) molecular desorption yield (molec./ion) 
a ionisation cross-section for high energy protons (1.2 x 1 0 " 2 2 m 2 for 

CO) 
L length of beam section (m) 
I beam intensity (A) 
e electron charge (As) 
n gas density ( m - 3 ) 
P pressure (Torr). 



- 502 -

Note that ions are taken from the restgas, hence T) represents a net desorp-
tion yield : 

n > - 1. 

For TI < 0 'beam pumping' can be observed, i.e. the system acts like an ion 
pump! 

In the presence of ion-induced desorption, TI > 0, the equilibrium 
pressure can be expressed as 

P = Q/S eff 
g T|(I/e)P-qA 

S e f f 
which gives 

with P 0 = q A / S e f f . 

P(D = CJT|I 
e S eff 

It can be seen that with increasing beam current, the denominator vanishes, 
hence the equilibrium pressure tends to infinity. Figure 14 shows a pres
sure recording at the ISR at a location where the pressure becomes unstable 
during beam stacking. 

Fig. 14 The development of a pressure bump during beam stacking (ISR) 
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We define the product ( T)I ) c r î t = ( e/n)S eff and obtain 

P(I) 

Î 1 ' T^TcTTtl 

It has been shown before that for lumped pumps 

XA L. 
Seff " Uw + S^ 

hence, the 'critical current product 1 for S •* » cannot exceed 

( T l I ) c r i t = n . 2 
e 6w 

L : 

Therefore, the conductance of the beam pipe and the pump distance are cru
cial parameters for vacuum stability. The remedy against pressure bumps in 
the ISR has been to reduce L by adding 600 Ti-subi imation pumps and to 
reduce TI by 300°C bakeout and argon glow discharge cleaning of all vacuum 
chambers. Glow discharge cleaning can be done as shown in Fig. 15. 

mixture Ar + 0 2 " 

ISR vacuum chamber at 300°C 

h scharge wire 

Fig. 15 

J,pu 
+ 300 V 

mp 

The required ion dose on the vacuum chamber is typically 10 18 cm" and 
results in T) < 0. The discharge gas argon gives efficient sputtering and 
desorption of strongly adsorbed gas molecules. The addition of 0 2 produces 
from carbon contaminants on the surface CO and C 0 2 which can easily be 
pumped out. 

14.2 Synchrotron radiation-desorption 

Gas desorption by synchrotron radiation in electron machines occurs by 
a two-stage process: 

photons hit the vacuum chamber and produce photoelectrons 
photoelectrons give rise to gas desorption. 

Direct photodesorption is, by comparison, a very inefficient process. 
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Contrary to the ion-induced desorption and pressure bump, the synchro
tron-radiation desorption does not lead to a feedback mechanism. The pres
sure rise is proportional to the beam intensity and is frequently referred 
to as 'specific pressure rise' A P / I ~ const., which is closely related to 
the cleanliness of the vacuum chambers. Indeed, synchrotron radiation can 
desorb molecules which remain strongly bound to the surface even after a 
vacuum bakeout. 

15. BEAM CLEANING 

During continuous operation with beam, the desorption by synchrotron 
radiation results in a gradual cleaning of the vacuum chamber. This so-
called 'beam cleaning' is widely used for processing the vacuum systems of 
e + e _ m a c h i n e s ^ ) . 

The improvement of the specific pressure rise by beam cleaning can be 
expressed in terms of the 'beam dose', the product of beam current and 
operating hours (D). For PETRA the following empirical expression has been 
quoted : 

M . = 8.8xl0- 8 D-0.63 (Torr mA- 1 and mA.hours) . 
I 

The beam cleaning in other machines^»12) can be approximated by a 
similar dependence on beam dose, Fig. 16. 

Typically, a beam dose of 1000 mA hours is necessary to obtain an 
acceptable degree of beam cleaning. Subsequent opening of the system and 
exposure to atmosphere leads to partial recontamination, hence this beam 
cleaning process has then to be repeated. 

16. VACUUM SYSTEM COMPONENTS AND INSTRUMENTATION 

16.1 Pressure gauges 

For pressures down to about 1 0 - 9 Torr the pressure measurement can be 
derived from the current of the Penning discharge in the ion pumpsl0,13) 
(cold-cathode or Penning gauge). Below this pressure and for UHV, ionisa
tion gauges have to be used. 

The ISR ultrahigh vacuum system has been equipped with a large number 
of modulated Bayard-Alpert ionisation gauges. The operatinq principle of 
this vacuum gauge is illustrated in Fig. 17. The ion current of the col
lector is proportional to the pressure P and the electron emission current 
IP. 



- 505 -

BEflfl DOSE (mfl 'h) 

Fig. 16 Cleaning of a prototype LEP vacuum chamber exposed to synchrotron 
radiation at the DCI storage ring in Orsay. 
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I + = gl P where g is the gauge sensitivity factor ( T o r r - 1 ) 

Fig. 17 Modulated Bayard-Alpert gauge 

At UHV it is important to take into account the X-ray limit of the 

gauge. This limitation of the ionisation gauge is due to soft photons 

originating from the grid and striking the collector where they produce 

photoelectrons, simulating an additional positive current I, The 
modulated B.A. gauge contains an additional collector-like modulalator 

electrode. 
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The principle of 'modulation' consists in taking two measurements at 
different modulator potentials: 

modulator electrode at + IL ly = I + + I 
modulator electrode at 0 I 2 = al + + I 

since a fraction of the ion current flow to the modulator. The true ion 
current can be calculated from 

1 " 1 - a 

The modulation factor, k = 1-a, can be determined at high pressure where 
I + » I x . 

In accelerator vacuum systems it is important to consider that gauges 
may be affected by the beam and hence should be mounted on an elbow out of 
direct line of sight with the beam. Furthermore, the sensitivity is influ
enced by the magnetic field of nearby magnets. In the ISR special calibra
tion factors were used in the control computer to correct for stray field 
effects on individual gauges. 

16.2 Vacuum chamber materials 

A very widely used material for UHV systems is stainless steel. It 
has good mechanical and vacuum properties and established manufacturing 
p r o c e d u r e s ^ ) . Most vacuum components available from industry are made 
of stainless steel. When used for UHV systems, stainless steel with low 
impurity content should be selected and preferably - to obtain low hydrogen 
concentration - vacuum degassed at 900°C. 

More recently, aluminium has become popular as the alternative 
material for vacuum chambers for high energy e + e - storage r i n q s l S ) . its 
main advantages are: 

- lower price 
- 1i ght wei ght 
- good thermal and electrical conductivity 
- can be extruded into complicated vacuum chamber profiles (e.g. see 

Fig. 12) 
- low induced radioactivity 

The more 'exotic' material, beryllium, finds its applications for thin 
windows or particularly for experimental vacuum chambers where high trans
parency is of prime importance. 
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16.3 Vacuum flanges for UHV 

Wherever demountable vacuum joints are required, one or another of 
commercially available versions of flange connections can be used. For a 
bakeable UHV system and radiation environment metal gaskets have to be 
chosen. Typical flange-gasket systems are shown in Fig. 18. 

SPS or LEP-type flange connections 
with a diamond shaped Al gasket between 
flat flange surfaces. 

Fig. II 

The widely used 'ConFlat 4) 
for bakeable vacuum systems. 
The ConFlat uses flanges with 
knife-edge and a flat copper 
gasket (ISR, PEP, P E T R A ) . 

16.4 Vacuum valves 

Particularly important components for large size vacuum systems of 
accelerators are full aperture gate valves (sector valves) which subdivide 
the system into shorter vacuum sectors (e.g. 40 sectors about 50 m long in 
the ISR, or 130 sectors, 474 m long in L E P ) . 

Imposed by the requirements for maintaining a smooth vacuum chamber 
cross-section, these gate valves must be fitted with an internal RF contact 
which bridges the valve in its open position. 

A special version of vacuum valves required as protection for the UHV 
system are fast closing valves**»). Their purpose is to protect the sys
tem from atmospheric contamination and mechanical damage in case of an 
implosion of windows or other thin vacuum elements. At the ISR fast valves 
have been installed around insertions with thin-wall experimental vacuum 
chambers. A closing time < 20 ms has been achieved. 
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16.5 Vacuum bellows with RF-bridge for LEP 

Flexible vacuum bellows are unavoidable elements for any large, bake-
able UHV system. For the same arguments as for valves, bellows require a 
smooth internal sleeve to maintain a uniform vacuum chamber cross-section. 
For LEP, bellows incorporate sliding finger contacts which avoid any sudden 
change of the elliptic beam channel cross-section, see Fig. 19. 

HORIZONTAL 
SECTION 

VERTICAL 
SECTION 

Fig. 19 Bellows with internal sliding contacts for LEP 

16.6 Vacuum chambers for experiments 

At the beam crossing points, the vacuum chamber wall has to be made as 
thin and as transparent as possible. This requirement leads to a choice of 
materials and to an optimisation of the shape of the beam pipe. The opti
misation process!'') depends on the relevant parameters 

i) - for the transparency 
col 1i s ion length 
radiation length 

ii) - for the mechanical strength 

elastic modulus 
material yield stress 
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The appropriate combination of these quantities results in the following 
order according to increasing transparency: 

Material Typical wall thickness 
(mm) 

i ncreasi ng 
stainless steel ISR ~ 0.3 

i ncreasi ng titani um 
alumini um LEP ~ 0.4-1 

transparency beryl 1i um 
I composite materials, 

(carbon fibres) 

* * * 
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CONTROL SYSTEMS OF ACCELERATORS 

P. Wolstenholme 
CERN, Geneva, Switzerland 

1. OPENING REMARKS 

The control system has to operate with all the other parts of the 
accelerator, with their different needs and different technologies. This 
chapter could easily concentrate on the bits and pieces which are visible, 
but the good control system is almost invisible. It is like the blood of a 
human being, fulfilling a vital role in linking our working parts, always 
in motion, and doing many things at once, while remaininq hidden. 

I shall describe the many tasks of the control system, and use two or 
three of these to illustrate how they can be performed, and then I shall 
try to explain how to approach the control system as one entity, and how to 
avoid some of the pitfalls on the way. 

2. FUNCTIONS OF THE CONTROL SYSTEM 

The various sub-systems to be controlled include: 

- Magneti c fields 
- Radio-frequency acceleration 
- Injection 
- Extraction and dumping of beams 
- Instrumentation (Orbit or trajectory, 

beam emittance or size, intensity, 
betatron oscillation wave numbers, etc..) 

- Vaccum (valves, pumps, gauges, analysers etc.) 
- Cryogenics (flow, temperatures, He levels etc.) 
- Timing (so as to synchronise various activities) 
- Security (of the machine components, the personnel) 

The control system must take care of some of the above quite automati
cally, and should report on status, warn the operators about faults, and 
record a great deal of data for later analysis. Many actions affecting the 
beam will be performed under the direct control of operating staff, and in 
this case the control system must acquire data, process it for presentation 
to the operators, and then accept commands for adjustment to various para
meters. These commands may well require further conversion before being 
sent to each individual apparatus. 
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An accelerator is not a closed system: it is built to supply beams to 
physics experiments. The experiments have their own requirements, and they 
are sometimes better able to measure the beam quality than the operating 
staff, so close links are called for between the physics teams and the 
accelerator control centre. If we are running an injector to a larger 
machine, then links between the machine control centres are required. In 
order to satisy the users, we must maintain the highest performance and 
deliver well focussed, high intensity beams of the required energy to the 
right place. The operations must be highly reliable and predictable, even 
though the accelerator (or storage ring) will be working very close to its 
limits. 

3. SOME ASPECTS OF CONTROL SYSTEM DESIGN 

The control system must be able to reach, precisely and reproduceably, 
any designated operation conditions. These may have been previously 
recorded, defined by theoretical calculations, or defined as a change to 
the present state of the machine. 

One way of regarding this is to take "n" as the total number of indi
vidual items which can be adjusted in the machine, and say that we need to 
move the "operating point" in n-dimensional space, from point A to point B, 
along a permitted trajectory: see Fig. 1. In the case of an acceleration, 
in a given time period a beam trajectory must be followed in n-dimensional 
space. The operators will have access to "m" readings from the instrument
ation, and somehow have to transfer the required change in these m readings 
to the adjustment of the n parameters. They must be helped, and for many 
years they have been assisted by computers which present readings from the 
instrumentation in the most useful and meaningful form, and allow the 
operators to call for adjustments to a small number of high-level 
parameters. 

Examples would be to command the adjustment of focussing fields in 
terms of the desired change to Q, Q' and 0". or to specify changes to the 
orbit or trajectory in terms of "bumps" at specific places. 

Let me give you a more detailed example of the way in which an elemen
tary component will be controlled. Suppose that we have a bending magnet 
in a beam transfer line. Its function is to deviate the beam so that it 
will pass around a curve in the line. Let us say that it is powered by a 
power converter, which takes power from the electricity supply and can 
drive currents of up to 260 A into the magnet windings. With what is the 
operator really concerned? 
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He may be interested to know that at present a current of 190 A is 
flowing, but what does that figure mean? It is 73.077% of full scale, and 
in some control systems such a figure is the one recorded. The 190 A is 
meaningless unless we know how many turns there are on the magnet winding, 
can calculate the field strength, then calculate / B.dl, etc. In fact, the 
important figure from the point of view of the designers of the beam line 
is the number of milliradians through which the beam is bent, while the 
control action as seen by the operator is the action of displacing the beam 
by a defined amount (4 mm to the left) at a suitably placed monitor 
station. The operator should not need to know how many amps need to flow 
in which circuits to achieve this result, as these facts should be built 
into programs of the control computers. He should only be concerned with 
low level details of specific machine components when something goes wronq 
and the repair crew must be called in. 

4. BLOCK DIAGRAM OF A CONTROL SYSTEM 

Figure 2 shows three layers, and is perhaps a little too simple to 
fit the real situation: I shall come back to this topic later on. 

At the top we have one or more operator consoles at which information 
is displayed and from which any required action may be performed. At the 
bottom we have the connections to the individual equipment and sub-systems 
I listed previously. In the centre we have the computing facilities which 
perform all the transformations which I have indicated are so vital, as 
well as storage of control programs, files of parameters for setting up the 
machine, and simulation facilities in many instances. 

I shall now deal with some examples of the individual components and 
the way in which we connect the control system to them, and then describe 
the interfacing techniques in common use. 

4.1 Control system connections 

As an example of the sort of device which has to be connected to the 
control system, I shall consider the case of the magnet power supply. The 
function of a magnet power supply unit, or power converter, is to pass a 
current through the windings of one or more magnets. The current may be 
anything from 5 to 5000 A, and the voltage applied across the windings any
thing from 1 to 2000 V. The current may be steady, as in a storage ring or 
a transfer line, pulsed in a magnet used to switch beams between two or 
more trajectories, or programmed to follow a prescribed function during the 
acceleration cycle of a synchrotron or other accelerator. 
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The block diagram of a typical power converter (Fig. 3) shows the 
internal parts: a circuit breaker (or mains switch), a transformer to give 
a suitable voltage for the load, a thryistor rectifier bridge which not 
only produces d.c. but controls the flow of power through the system, 
smoothing networks to reduce the ripple in the output, and the control 
electronics. The control system needs to switch the equipment on and off, 
to set a demanded current (at the digital-to-analog converter or DAC) and 
to measure the actual current flowing in the magnet windings (as a c h e c k ) . 
It is important to monitor status, such as local control or fault condi
tions, polarity in some cases, flow of cooling water, etc. The current may 
be programmed, to match a prescribed function, over a time interval of 100 
ms to 10 s depending on the accelerator. 

The main problems in power converter control are in accuracy of set
ting, calibration (what is an Amp today?), generation of functions in cases 
where the dynamic response of the control loop needs to be considered, and 
fault handling in very large systems. It is not uncommon to require that 
the current be controlled to an accuracy of a few parts in 1000 for an 
accelerator, or a few parts in 10000 for a storage ring. 

4.2 Pigital-to-Analog Converters 

These are used to convert numbers inside the computer into currents or 
voltages in the external apparatus. As a first step, the number in binary 
format must be transmitted to a "register" where it will be maintained, as 
a series of states of flip-flops. (I shall deal with the question of 
transmission later.) Each binary digit, i.e. each flip-flop, has twice the 
significance of its neighbour. In the conversion circuit, Fig. 4, succes
sive flip-flops control "gates" which allow increasing currents to pass 
into a common point. The currents might be 0.01 mA, 0.02 mA, 0.04 mA 
etc. so that the 12th digit controls a current of 20.48 mA. By setting any 
binary number into the register, the current may therefore be set to any 
value in the range 0 to 40.95 mA. An operational amplifier might then pro
duce a voltage as the final output, in the range 0 to 4.095 V for example, 
and this voltage would control a magnet current or any other analog system. 

The important design parameters of the converter are its speed (how 
many microseconds to take up a new v a l u e ) , its resolution (how many b i t s ) , 
its linearity, its stability, its accuracy, and whether it introduces large 
transients in passing from one setting to another. 

To set the current, the control system must set a suitable binary code 
into the DAC control register. If a function, with respect to time, has to 
be programmed then a series of codes must be generated by some means, hard
ware or software, and set one by one into the register. 
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4.3 Analog-to-Digital Converters (ADC) 

Various techniques can be used for the conversion of an analog quan
tity, such as voltage, to a numerical form for the computer to use. The 
choice depends on the requirements in terms of speed and of precision. 

One technique is to compare the voltage with that produced by a DAC, 
and to test step by step, testing more and more precisely each time in a 
"binary search": see Fig. 5. Integrated circuits are available which are 
able to perform the entire process in a few microseconds. A serious prac
tical problem will arise if the voltage being measured is not perfectly 
stable during the measurement period. A sample and hold circuit is often 
employed to resolve this difficulty. Very high speed ADC's can be made by 
means of arrays of comparators, so that all possible binary codes are 
tested at the same time. 

In practical cases, one frequently has to measure voltages which are 
combined with interfering signals, and this interference can occur at the 
mains supply (50 Hz) or multiples thereof. If very high precision is 
required, such as 16 binary digits, then an integration technique is used: 
the DAC measures the integral of the measured voltage over a period such as 
20 or even 100 ms. This procedure will reject all harmonics of 50 Hz in 
the input, and will also minimise the effects of high frequency noise. 

The dual-slope DAC, or digital voltmeter DVM, Fig. 6, is arranged to 
set an electronic integrator to a defined output voltage, then to apply the 
input signal for a fixed time such as 20 ms, so charging a capacitor with a 
charge proportional to / V.dt, and finally applying a fixed and known input 
to discharge the capacitor again. The time taken to reach the initial 
state is a linear measure of the input signal, and we can measure it very 
easily. It is possible to buy the entire system as one small component, so 
it can easily be fitted in close proximity to the signals being measured, 
and thus reduce the pick up of interference in the wiring. 

I cannot overstress the importance of secure and accurate measure
ments. Many projects run into trouble because systems which work well on 
the laboratory bench fail to work properly in the accelerator environment, 
and if a computer program is fed inaccurate data the computations may be 
worthless. 

5. SUMMARY OF CONTROL COMPUTER FUNCTIONS 

The four functions in the following list are evidently applicable to 
the control and monitoring of the magnet power converter we have dis
cussed. The fifth function makes the list quite general, by including the 
instrumentation-related requi rements. 
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1. Logical operations: 
Check equipment status, switch on, report errors. 

2. Setting values (or programmed functions) and checking that they 
have been achieved. 

3. Recording settings, for future use. 
4. Allowing high level of control of working conditions, relieving 

the operators from the details. 
5. Acquisition, analysis and display of data in a meaningful way from 

all the instrumentation. 

6. BEAM INSTRUMENTATION 

The modern accelerator is equipped with a bewilderinq array of instru
ments, so as to allow us to measure how well it is working and investigate 
any problems. They include: 

- Position monitors. 
Electrostatic or electromagnetic monitors. 
Easy if there is a r.f. structure, difficult for d.c. 

- Intensity monitors, such as current transformers. 
Easier for pulsed beams than for d.c. storage rings. 

- Beam size monitors. Two or three of these will allow beam 
emittance to be measured. 
Fluorescent screens, wire grids, wire scanners, etc. 

- Synchrotron light monitors. 
- Schottky noise analysers. 

The various monitors can all be made to work and to give much useful 
data. The main problems are in the areas of testing, calibration, fault 
location, arranging for missing readings to not cripple the computer soft
ware, etc. A complete survey of this field has been presented in Ref. 1. 

The important point to notice is the time scale. The transfer must be 
completed within the time period of one computer instruction, and this is 
nowadays of the order of one microsecond. Detailed rules for operating the 
interface may very well allow only half a microsecond for recognition of 
the address and transfer of the data. Even disregarding the delay due to 
the various integrated circuits we shall use, the transmission delay of 
signals along wires (5 ns per m) will limit the permitted length of inter
connecting cables to about 40 m. 

In a large machine, there may be many thousands of signals to deal 
with, and it could be prohibitively expensive to bring all the signals up 
to the control centre, although in the early days we used to do just that, 
as we could only afford one computer around 1965 to 1970. Even then, a 
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great deal of care needed to be taken in organising the input-output sys
tem. It had to be constructed in a systematic way, with groups of signals 
handled by independent sub-units so that testing and fault finding was not 
made too difficult. The most widely known and successful interfacing sys
tem was the CAMAC system 2). As mi ni-computers became cheaper it became 
possible to install computers in remote parts of the accelerator, so that 
local interfacing became possible, and a network of data links was 
installed to link these remote machines to the control centre. An alterna
tive was provided by the Serial CAMAC Highway, which from 1975 onwards per
mitted us to operate remote CAMAC interfacing crates, connected by a simple 
2-pair cable in a loop. Up to 62 crates can be connected on each highway. 
Now that microprocessors are very cheap the trend is to install micropro
cessors in each piece of equipment, or at least in a cluster of simple 
units. The microprocessor deals with all the low level interfacing 
directly, and much more besides. Many of the functions which made computer 
control so valuable in the past 20 years can in fact be entrusted to micro
processors with considerable benefits in efficiency, cost and performance. 

Looking at the list of functions performed by control computers in 
Sec. 5, items 1 and 2 can be performed locally, while items 3 and 4 are 
best dealt with by large computers in the control centre. Coming to item 
5, mainly concerning instrumentation, some of the calibration, testing and 
conversion of raw data to useful engineering units can be performed by 
microprocessor systems, leaving the tasks of presentation and analysis to 
the control centre machines. 

All this sophistication is not without its problems, and one illustra
tion is the evolution of control programs run by the operators. When the 
interfacing is local, you include a statement of the form " X := Input(some 
device)" in the program, and this is compiled into a corresponding 
machine-code instruction such as "LDA #FE008" which takes the data in a 
microsecond or two, after which the program can execute the next statement, 
and do something with the data. When a data link to a remote computer, or 
a transaction over the CAMAC Serial Highway is involved, we find that this 
primitive operation is replaced by a call to the operating system and a 
complex process, which will take anything from 0.1 to 5 ms to be com
pleted. If a message is sent to a remote microprocessor the delay may be 
even longer before the data is finally returned to the program which 
requested it, 20 to 50 ms being not unusual. 

By introducing microprocessors we have added a vast amount of parallel 
processing power and storage as a resource available to us, but unless this 
parallelism can be matched by the central control computers it will be 
wasted. A delay of 20 ms per reading sounds small, but if 500 readings are 
to be taken just to display one orbit, the total time will be 10 s. An 
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acceptable time for acquisition of such data would be about 100 ms, so it 
must be acquired in bulk, to be dealt with by the program subsequently at 
full processing speed. 

In principle, data is acquired from the instrumentation in much the 
same way as it is acquired from power converters or any other equipment, 
but there is likely to be a greater amount of data to be taken, perhaps at 
lower accuracy, and high speed is essential - if only to reassure the 
operators. 

7. INTERFACING TECHNOLOGY 

Modern accelerators and storage rings are very large and LEP will have 
a vast number of equipments needing to be connected to its control system, 
i ncludi ng : 

751 magnet power converters 
8 klystron power converters 
580 vacuum pumps (with 1650 current monitor points) 
500 beam position monitors 

Each of these devices may give rise to analoq and diqital measurement plus 
commands and status indications, all needing to be connected in one way or 
another. 

7.1 The computer interface 

The conversion of binary data to analoq quantities and the inverse 
process have been described briefly, so I now wish to explain how to make 
the link between the numbers in the internal registers of a computer and 
the external world. The computer designers will provide siqnals on a con
nector which permit data to be passed, either way, by special input and 
output instructions. The timing diagram, Fig. 7, shows what happens. 

A signal will indicate that an input-output instruction is being exe
cuted, and a set of "address" lines will identify which particular device 
is to supply or to take data. A set of lines, 8, 12, 16, 24 or more 
depending on the computer, will require data to be connected in the former 
case, and a similar set will supply the binary data in the latter case. 
Any of you with personal computers will find such an "interface" somewhere, 
usually labelled "expansion connector". 
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Address Lines \ Device Code 

Control or "strobe" pulse 

about 1 microsecond 

Data Lines Valid 

Fig. 7 Computer interface signal timing 

7.2 Formal aspects of interfacing 

An interface is the link between two systems, so many interfaces are 
possible in theory. In control system work, the interface means much 
more. In a system which will be expanded, developed, and improved, we are 
changing parts of the equipment, and adding parts which were not in the 
original plan. As the interface in modern control systems will be a means 
of standardising flow of digital data, we can adopt standard interfaces 
which are very carefully and formally defined. 

The use of such formal and standard interfaces will make it possible 
to develop and test sub-systems before they are integrated into the whole. 
We shall also simplify the task of testing or fault-finding in the complete 
system. 

What passes over an interface? Electrical signals representing infor
mation. How is it regulated? By means of a protocol. The protocol will 
define pin numbers, voltage levels and timing, but will also specify the 
use of codes and so include an element of software. The software will be 
made available as a library of modules "procedures", so the standardisation 
of interfaces is extended up to the software level. 

The CAMAC interface was very succesful as a standard, and is still in 
wide use. By using such a standard, we have been able to assemble large 
systems out of tested components, to extend the systems from time to time, 
and to be sure that a properly designed and tested component will work cor
rectly in a variety of systems, without any side effects on its fellows, 
and with the minimum of time devoted to getting the whole system to work. 
This point may seem very simple and obvious to those of you without practi
cal experience in electronics, but I assure you that it is really an impor
tant and profound matter, which is still neglected too frequently. 

> 

f 

< — - > 
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8. CONTROL SYSTEM DESIGN 

I have told you about some of the technical problems of the control 
system, and listed some of the sub-systems. You will see that the control 
system is built of very many components, none of which in themselves are at 
all complicated or difficult to provide. In planning a new control system, 
we must be aware of all the problems but must not allow details of design 
at the lower levels to dominate our thinking. For one thing, they will 
surely change sooner or later, and in a large project the control system 
might become a tangled mess which would be hard to modify. 

I think that a good analogy is provided by computer programming. A 
program is composed of statements which are each very simple, and almost 
trivial. But many of you will have encountered, or even written, programs 
which have become, through continual modification, almost impossible to 
understand. The problem with computer programming is that hundreds of 
quite simple statements can, on account of the control structure (GOTO 
etc.) be likened to a tangled string. As in programming, the vital rule in 
control system design is to structure the control system very carefully. 
This does not mean that it has to be rigidly fixed for all time in one 
form: quite the opposite. The correctly structured system will allow new 
elements to be added, new links to replace old ones, and always in a 
controllable way. 

The standard design technique is called top-down design, whereby the 
problem is broken down into elements, and elements further broken down into 
groups of smaller entities, and so on until one arrives at items or modules 
which are already available. The system is then implemented in the other 
direction, and parts are put together from the bottom upwards. Here aqain, 
the process is exactly the same as in structuring a large computer proqram, 
and for precisely the same reasons. With hardware we need to define the 
interfaces at each level, so the task is more difficult than with software 
where the same interface (such as a procedure call) is available at many 
level s. 

9. THE CONTROL CENTRE 

Most accelerators and storage rings are very complex and they are made 
to run at the limits of their performance. The large machines are all dif
ferent. It is therefore not possible to entrust all operations to computer 
programs which have been written to take all possible contingencies into 
account, although we can go quite a long way in that direction. 

The operating staff are therefore very important, and must be given 
very full facilities to see what is going on, combined with tools for 
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altering the parameters of the machine. It is usual to provide a set of 
displays on the operator consoles, and to allow these to be programmed to 
present a great variety of data. 

Behind this there will be the systems I have described for obtaining 
the data, and converting it to meaningful figures and graphs. In many 
cases there will be continuous recording of data, and this can be called up 
by the operators at any time, and graphs drawn showing the evolution of the 
measurements over any desired past time period. Such techniques are par
ticularly valuable for the vacuum system and for the cryogenics systems, so 
that trends may be observed, and faults cured even before they affect the 
beams. In the case of superconducting magnets, when something goes wrong 
and a "quench" occurs, i.e. a rise in temperature which causes the magnet 
windings to have finite resistance, it is vital to be able to trace the 
causes by examining the recorded data. 

Control facilities for the operators can be the subject of much dis
cussion. At one extreme, the operators can be provided with knobs to turn, 
but I feel that this is only useful for rather fast cycling machines where 
visual feedback from the displays is near-instantaneous. At the other 
extreme the operator can write a program at a keyboard, and this possibi
lity must always exist, but is not convenient for routine work. Intermedi
ate possibilities are widely employed: typical control panels being the 
touch screen, where a set of buttons may be set up on the screen, to suit 
the current phase of operation. Each button will cause some pre-programmed 
action to take place, or a complete program to be started up. As the func
tions of the buttons are themselves programmable, only a few buttons are 
required to give the several hundred routine commands needed to set up and 
operate the machine. 

This system may be made more flexible if parameters can be given to 
the programs which are requested. These can be entered by a keyboard, or a 
keyboard can be presented on the touch panel itself, but there is a chance 
of making mistakes. It is therefore advisable to keep a file, in a control 
computer, with the most complete possible information about the operations 
now in progress, such that many variable parameters can be passed to the 
running programs from the file, rather than via the operators. 

By the way, when speaking about operations, we must realise that the 
occasional exerimental operations, intended to explore the behaviour of an 
accelerator, and test new ways of running it, make much greater demands on 
the control system than the routine operations for the physics experi
ments. During these tests accelerator specialists will be working at the 
control consoles at the same time as the regular operating staff. 
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I mentioned that one of the great advantages of computer control is 
that the operators can concern themselves with the high-level control prob
lems, and leave the details to the computer. This will mean that the oper
ators will no longer be aware of the settings of all the individual ele
ments, and may not notice when a current drifts, a monitor is noisy, or a 
fault occurs in a unit which is not needed for the next few minutes. It is 
therefore very important to program the control computers to make regular 
checks on all equipment, and to report on any problems. Examples will be 
to check all magnet currents against the expected settings and permitted 
tolerances, to review all vacuum pumps, to measure the rate of decay of 
stored beams, and to detect water leaks and fire alarms. In a large 
machine there will be a formal alarm system which sounds an audible alarm, 
shows the list of current faults on a display screen, even advises which 
expert to call in, and keeps full records for statistical purposes. 

* * * 
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SUPERCONDUCTING MAGNETS FOR ACCELERATORS 

J. Perot 
CEN, Gi f-sur-Yvette, France 

1. INTRODUCTION 

Up to now the most important use of superconduc ting material h as been 
for magnet construct ion. The main a dvant age is in the e ilimination of the 
Joule effect, so reducing the running cost by a larg e f ac tor in spi te of a 
small additional requirement to keep the magnet at low tem| pera ture. Another 
advantage is the decrease of magnet size resulting from the high current 
densities available. In addition, the magnet's iron y roke can o ften be 
suppressed. , reducing even further the size and weight of a mag net. 

As a consequence, superconducting magnets are now being used in many 
areas while superconducting solenoids have become a common research tool in 
many laboratories and typically produce fields in the range of 6 to 15 Tesla 

• in bores of 30 to 300 mm. However, it is in the High Energy Physics area 
that superconducting magnets have been used the most extensively in the 
construction of : 
- big magnets to produce fields in large volumes needed for bubble chambers 
or other particle detectors, 

- dipole and quadrupole magnets for particle accelerators. 

In the longer term, an even more important application could be the 
controlled thermonuclear fusion through magnetic confinement which requires 
very high fields (10 T) in large volumes. 

Superconductivity is spreading into many other areas where magnetic 
fields are needed, or the Joule effect is to be avoided, but in almost all 
cases it has remained at the laboratory stage. Such applications include 
electrical machines, power transmission lines, magnetic ore separation for 
the mining industry, magnetically levitated high speed trains, energy 
storage, etc. 

Finally, in spite of considerable development effort in the research 
area, superconductitivy is rarely used in everyday equipment. This is 
surprising when we remember that the phenomenon was discovered at the 
beginning of the century (Kammerlingh Onnes 1911). Two main reasons can 
explain such a long development : 
- the difficulty to build large and safe refrigerators to reach the very 

low temperatures needed. Even today the cryogenic environment is still a 
disadvantage of superconducting magnets compared to conventional ones, 

- The difficulty to obtain superconducting cable of sufficient length to 



- 527 -

build magnets. The first practical cable material was developed in 1960 
while the more recent "twisted multifilamentary composite" has only been 
available industrially since 1969. This composite has been the starting 
point for the large scale development of superconducting magnets. 

2. PROPERTIES OF SUPERCONDUCTORS 

In this paper we shall recall the major properties of superconductors 
related to their use in magnet systems. Therefore, only their macroscopic 
behavior will be taken into account together with the parameters of criti
cal current or field. The materials used for magnets are the so called 
"type 2" superconductors. These can be penetrated by an external magnetic 
flux, their critical current densities decreasing with increasing field. 
They can also have current densities as high as 1000 A/mm in magnetic 
fields of 10 T. 

The properties of superconductors can be illustrated by the diagram of 
Fig. 1. They depend on the three parameters : current density, magnetic 
field and temperature. Below the dashed area the material is superconduc
ting, above it is normal. From the figure it is clear that very low tempe
ratures are necessary leading to the requirement of helium cryogenic 
systems. 

A Current density (kA/mm2) 

Temperature (K) 

Field (Teslas) 

Fig. 1 - Critical surface of a superconductor (NbTi! 

For a given magnet one can draw both the characteristic of the super
conducting material and the "load line" of the magnet (Fig. 2). The latter 
represents the field produced by the magnet as the current increases at the 
point of the conductor where this field is maximum; it depends only on the 
magnet geometry (shape, number of turns, etc). Therefore the crossing point 
of the two curves represents the upper limit of the magnet performance i.e. 
the maximum current and maximum field which are called the critical current 
and critical field respectively for this magnet at the given temperature. 
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Current 

Critical current 

Magnetic field 

Fig. 2 - Load line and critical current characteristic for a given magnet 

The following table shows the critical temperature and field for some 
superconductors at 4.2 K. 

Material NbTi Nb 3Sn V 3Ga Nb 3 Al 

Critical temperature (K) 10.6 18 14.5 18.7 

Critical field at 4.2 K (T) 10.2 20 21 30.8 

Of these materials only NbTi is currently used since it is a strong 
alloy which can be fabricated easily. The others are very brittle inter-
metallic compounds and although they have better superconducting perfor
mance their use is still very limited. 

2. 1 The instability problem 

Early magnets built with "plain" superconducting wires were very dis
appointing since they returned to the normal state far below their critical 
current. This phenomenon, called transition or "quench", is very dangerous, 
as the high current is then flowing in a small volume of resistive material 
giving rise to enormous heating which can melt the metal if the normal zone 
does not spread fast enough through the magnet or if the stored energy is 
not extracted rapidly. A quench can start from a very localized disturbance 
such as a mechanical instability. The conductors of a magnet with high 
field and high current density are subject to large electromagnetic forces 
and if the magnet structure allows some of the turns to move, the result 
will be friction and heating. As the heat capacity of a material is about 
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1000 times smaller at liquid helium temperature than at room temperature, 
only a very small amount of work is sufficient to produce an increase of 
temperature of a fraction of a degree K which often represents the safety 
margin of superconductors. In the early times many magnets never even 
reached their critical field, this phenomenon being called degradation. 

2.2 Stabilization of superconducting materials 

Even with good mechanical structures, early magnets continued to quench 
at very low fields, the problem being traced to magnetic instabilities or 
"flux jumps". These instabilities are now understood, and we will come back 
to them later. 

The first idea of magnet builders was to cure all instabilities, wher
ever they came from, by making a composite conductor in which the super
conductor was brought into intimate contact with a good normal conductor 
such as copper. The simplest approach was to apply a coating of copper to 
the surface of the superconducting wire, but it soon became apparent that a 
more intimate mixture could be obtained by making a filamentary composite. 
The addition of copper to the superconductor was called "stabilization" and 
it was confirmed that magnets made from copper coated wires worked much 
better than the original plain ones. 

How does stabilization work? We have seen that a very localized distur
bance can lead to a general quench as soon as the Joule effect produces 
energy at the normal point. M.N. Wilson developed the simple criterion 1) 
that a local normal zone will only grow if the heat generated within the 
normal zone exceeds the heat conducted away from it. If the wire is insula
ted the heat conduction in the transverse direction can be neglected and the 
approximate condition for growth can be written (see fig. 3): 

J 2 çSL 2 >2KS(0 c -Q o ) 

or J 
J =I/S = current density 
p = normal zone resistivity 
K = thermal conductivity 
0r_= critical temperature 
00=bath temperature 
L = length of the normal zone 

fig. 3 - Quench growth in a superconducting wire 
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This formula, applied to NbTi wire carrying its critical current in a 
6 T field at 4.2 K, gives a minimal propagating zone L of 1.5 mm for a 
stabilized conductor compared with 0.0005 mm for the plain conductor. The 
copper is beneficial due to both its much greater thermal conductivity 
(350 W/m.K against 0.1 for NbTi) and its much smaller electrical resistivi
ty (3 x 10 - fi.m against 6500 x 10" ). Furthermore, the copper is not 
only very efficient in preventing the start of a quench from a localized 
disturbance but also, once the quench has occurred, in limiting the maximum 
temperature of the initiation point. The level of energy needed to quench a 
magnet at a localized point is very low, about 10" Joule for half its 
critical current. This is the energy released by a grain of rice falling 
from a few centimeters. 

2.3 Different types of stabilisation 

The amount of copper to be added to the superconductor for stabiliza
tion should be as small as possible since it decreases the overall current 
density through the wire. Historically, with increasing knowledge on super
conductors, successive theories have been developed on cryogenic, adiabatic 
and dynamic stability. 

2.3.1 Cryogenic stability 

In this criterion the heat exchange with the cooling bath is taken 
into account (see Fig. 4 ) . Once the superconductor becomes normal the 
current flows through the copper which is then a much better conductor. 
Increasing the amount of copper will both decrease the amount of heat gene
rated and increase the surface area and thus the rate of heat exchange with 
the bath. Therefore, an amount of copper can be found such that the heat 
generated is balanced by that transferred to the bath so keeping the tempe
rature below the critical value. The superconductor will then return to the 
superconducting state and the current will flow through it again. This 
criterion is very efficient and is still used for very big magnets. Un
fortunately it leads to a copper to superconductor ratio of about 20 to 1 
and the need to provide cooling channels through the winding with the result 
that the overall current density decreases considerably. 

2.3.2 Adiabatic stability 

To understand the phenomenon of magnetic instabilities or "flux 
jumps" we need to look further into the macroscopic behaviour of a super
conductor by considering a semi-infinite slab of superconductor immersed in 
an external field (Fig. 5). 
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Fig. 5 - Slab model with field penetration profile. 

When a magnetic field is applied to this slab, screening currents 
(similar to eddy currents) are induced but since they flow in a superconduc
tor they do not decay with time. These currents play an important part in 
instabilities and in losses in a changing magnetic field. From Maxwell's 
equations it is possible to find the distribution of induced current and the 
field pattern shown in Fig. 5 by replacing Ohm's law by the "critical state 
model". The latter describes the macroscopic behavior of the superconductor 
and states that, at any time, each part of the slab is either carrying no 
current at all, or is carrying current at critical value provided the elec
trical field is not zero. This situation may become unstable because flux 
motion through the superconductor produces heat and the critical current 
density falls with increasing temperature. To illustrate this, let us apply 
a small field penetration into the slab. The electrical field produced by 
the variation of flux induces currents at their critical value, but the heat 
generated by the flux motion increases the superconductor temperature so 
decreasing the critical current. More flux then penetrates into the slab 
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and, if the feedback is strong enough, an avalanche of flux penetration can 
be triggered and may raise the temperature above the critical value, the 
phenomenon being known as a flux jump. An adiabatic theory of flux jumping 
has been developed on the slab model and gives an upper limit for a flux 
jump not to occur. For NbTi at 6 T and 4.2 K the limit of a (see Fig. 5) is 
about 100 \x but a safe practical value is a < 50 (A. With a filament size 
less than this limit the superconductor is said to be "intrinsically 
stable". 

2.3.3. Dynamic stability 

The dynamic stability is a more sophisticated concept taking into 
account the copper which slows the flux penetration so that part of the heat 
generated can be conducted away during the process. This theory is more 
realistic but its main result is not very different from that of the 
adiabatic theory and leads to a filament size of the same order of magnitude 
i.e. 50 \x for NbTi. 

Therefore, a stable superconducting wire will be made of thin filaments 
imbedded in a copper matrix. Dynamic stability can be achieved with conside
rably less copper than in the cryogenic stability case, the ratio of copper 
to superconducting material being as low as 2/1 or even less. In addition 
to reducing overall current density, the other inconvenience of using a 
copper matrix is that it couples the filaments with regard to the external 
field as illustrated in Fig. 6 (with only two filaments for simplicity). 
The circulating currents from filament to filament have to cross the copper 
at each end, where the end resistance causes the screening current to decay. 
However, in practical cases with lengths of several hundred meters, the 
decay time constant becomes enormous, and the bundle of filaments behaves as 
a massive superconductor and flux jumps reappear (Fig. 6a). Fortunately this 
inconvenience can easily be overcome by twisting the composite (Fig. 6b) so 
that alternative short loops of filaments are formed with regard to the ex
ternal field, thus cancelling the coupling. However, while twisting is very 
efficient in cancelling the coupling with external field it does not cancel 
the self-field coupling produced by the current transported in the wire 
(Fig. 6c). This forces the current to flow at the external surface so 
preventing a good distribution throughout the composite. In practice self 
field instabilities can be avoided by keeping the diameter of the composite 
below about 2 mm. 
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Fig. Composites with coupled and uncoupled filaments (twist) 

2.4 Losses in superconductors 

Superconductors are perfectly loss-free under steady conditions of 
field and current. As we have seen with flux jump theory, heat is generated 
when the flux changes within the superconductor. With the semi-infinite slab 
of Fig. 5 one can develop a simple loss theory using Maxwell's equations and 
the critical-state model. The time varying magnetic field gives rise to an 
electrical field which, if it is in phase with the current, dissipates power 
within the superconductor. The losses are proportional to the width of the 
slab so that here again a small filament size is needed. 

2 . 5 Practical superconducting cables 

From the above review of superconductor properties a practical cable 
must have the following features : 
- for stability the superconductor must be divided into thin filaments of 

diameter less than 50 \x for d.c. conditions and less than 10 \i for a.c. 
- copper must be added to help stabilization and to prevent the magnet from 

burning in the case of a quench (copper/superconductor ratio = 2/1) 
- the composite must be twisted and limited in size (< 2 mm diameter). 

If large currents are required (several thousands of Amperes) a suit
able cable must be made by twisting together many composites as shown in 
Fig. 7. Such a cable has been used for the prototype quadrupole of the HERA 
machine at DESY (Hamburg). It is made of 23 composites of 0.84 mm diameter 
each composite containing 1700 filaments of 12 n diameter NbTi. The copper 
to superconductor ratio is 1.8/1, and the twist pitch 25 mm. This cable can 
transport a current greater than 6000 A at 5 T and 4.2 K. Its overall 
current density, including packing factor, is 42 A/mm or about 50 times 
that used in water cooled windings of conventional magnets. 
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Fig. 7 - Example of a superconducting cable 

3. FROM CONVENTIONAL TO SUPERCONDUCTING MAGNETS 

3.1 Generalities 

I will concentrate now on magnets for accelerators and, more especial
ly, on dipoles and quadrupoles. Superconducting magnets have two main 
advantages over conventional ones in accelerator applications : they allow 
the field to be increased while considerably decreasing operating cost. For 
example, the FERMILAB superconducting Tevatron has a maximum beam energy of 
1000 GeV and requires only about 7 MW for its cryogenic plant whilst the 
previous conventional version of this accelerator absorbed 90 MW in Joule 
losses for a beam energy of only 400 GeV. 

Fields of around 5 T are now currently achieved in dipoles using NbTi 
superconductors at 4.2 K. 

Superconducting and conventional magnets are different in such features 
as : working temperature, coil and iron configuration, level of electro
magnetic forces, safety problems, etc. Each of these points will now be 
dealt with separately. 

3.2 Cryogenic environment 

Figure 8 shows very schematically the cryogenic environment of a super
conducting magnet. The magnet is immersed in helium boiling at atmospheric 
pressure (4.2 K) and contained in a vessel at the same temperature. The 
different sources of heat leakage into the helium bath must be minimised and 
are of three kinds : 
- solid conduction along mechanical supports and current leads 
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convection in the space between the helium vessel and the room temperature 
vessel. This can be practically eliminated by maintaining a good vacuum 
between the two vessels (10~ to 10 Torr) 

- radiation from room-temperature to helium temperature surfaces. This is 
proportional to the fourth power of the temperature of the surfaces, and 
to their emissivity coefficient. It is minimised by using both low emissi-
ty surfaces and shields at intermediate temperatures. 

In the scheme of Fig. 8 the remaining input losses at 4.2 K are compen
sated by the heat of vaporization of helium (20.6 0/g). 

He gaz outlet 

Room temperature 
vessel (300K) 

Beam 

Boiling He m-i 

Beam 
chamber 

Helium'' Thermal Superconducting Insulating 
vessel (4.2K) screen(40-80K) magnet vacuum 

Fig. 8 - Cryogenic environment of a superconducting magnet 

The problem of the current leads is more complicated. From a source at 
room temprature they have to feed the current into the magnet at 4.2 K thus 
giving rise to both heat conduction and Joule effect. For a given material 
low heat conduction calls for a small cross section and a long length, but 
low 3oule effect calls for the opposite situation. The current leads are 
made in such a way that they form very good heat exchangers with the flow of 
helium gas leaving the cryostat so that the heat brought in and created by 
the leads is removed by heating the helium gas from 4.2 K to 300 K (room 
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temperature). By balancing the two sources of heat (conductionand Joule 
effect against the exchange with the helium gas, an optimum ratioof lead 
length to cross section can be found which produces minimum heat inleakage 
for a given current and a given material. This minimum is about 1to 1.5 W/kA 
per lead. 

In accelerators the magnets are usually series connected at low tempe
rature so that there are few current leads going from 4.2 K to room tempe
rature . 

3.3 Refrigeration power requirement 

The theoretical power required to produce a given quantity of refrige
ration at any temperature level is independent of the working fluid. It 
depends only on the temperatures at which heat is removed and rejected. 
The theoretical work given by the Carnot cycle is : 

W/Q = (Ti - T 2)/T 2 (2) 

where W is the Carnot work, Q the heat removed at T 2, Ti and T 2 the tempera
tures at which heat is rejected and removed respectively. 

In practice, both the working fluid and the cycle affect the power 
requirement. The real power requirement is defined as the theoretical 
requirement divided by the overall system efficiency. In the case of 
helium, W/Q is about 700, which means that 700 Watts of power is required 
at ambient temperature to remove 1 Watt at 4.2 K. In the case of the 
FERMILAB Tevatron already mentioned above, the average loss at 4.2 K is 
about 1.6 W/m of accelerator length which, for the 6.3 km circumference, 
gives 10 kW at 4.2 K and therefore 7 MW at ambient temperature. 

3.4 Coil and iron configuration 

The difference between conventional and superconducting magnets, 
i.e. fields of only 1.8 T rather than 5 T and overall current densities of 
10 A/mm compared with 300 A/mm , leads to a completly different coil and 
iron arrangement as shown in Fig. 9. The conventional magnet is an iron-
dominated magnet in which the iron is used below or very close to its satu
ration value. The field shape is determined by the iron profile of the iron 
located around the useful aperture. Conversely, the superconducting magnet 
is conductor dominated, the field shape depending on the coil, the iron 
being located where it is less saturated. Of course, calulations of both 
kinds of magnets use the same computer codes taking into account iron satu
ration. However for conductor-dominated magnets with no iron and circular 
symmetry an analytical approach can be used as shown in Fig. 10. 
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CONVENTIONAL DIPOLE 

Iron yoke 

H—Field direction 

Coils 

Beam chamber 

SUPERCONDUCTING DIPOLE 
Force B=5T Cryogenic 
direction i vessels 

Mechanical collars 
containing the forces 

Fig. 9 - Conventional and superconducting dipoles for accelerators 

Insulating 
vacuum 

z = x + iy 

n=« 
J(Q)= E J nCosn0 

n = 1 
Coil area 

J = current density 
z = complex coordinate 

of useful space 
Cn = field harmonic 

coefficients 
B(z)= magnetic field 

J(0) = JT COS 0 • J 2 Cos 20 + . . . • J n Cos n0 

B(z)= C, + C 2z + . - Cn z' n-1 

Fig. 10 - Ideal current density distribution 

A perfect Cos9 current distribution gives 
Cos 29 a perfect quadrupole and so on. 

perfect dipole field, 

In practice a given distribution of current can be expanded into a 
Fourrier series and with several angles as parameters, several harmonics can 
be set to zero or very close to zero. Many coil configuration can be found 
to achieve the required field homogeneity as shown in Fig. 11 for a dipole. 
In this figure only the cross-sections of the coils are shown, but of course 
the magnet ends must also be shaped to take into account the three-dimensio
nal effects on field harmonic coefficients. 

A magnet can be designed with very good field homogeneity and as an 
example, the dipole for HERA is designed with very small harmonic coeffi
cients. Expressed as AB n/B (where AB n is the part of the field produced by 
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the coefficients C n, and B is the dipole field) at 66% of coil aperture, 
they are smaller than 2 x 10" up to n = 19. 

J0 COS G 

Pig. 11 - Different coil shapes for a dipole magnet 

3 . 5 Construction errors 

The field homogeneity of superconducting magnets must be, of course, 
the same as that of conventional magnets and this leads to fabrication tole
rances of a few hundredths of a mm. But, if it is relatively easy to achieve 
such tolerances in conventional magnets which consist of iron lamination 
stamped to the reguired profile, it is much more difficult in superconduc
ting magnets. In this case the tolerance applies to the conductor location 
and has been the most difficult problem encountered in the manufacture of 
superconducting magnets for accelerator applications. It is generally solved 
by forming the fibre-glass/epoxy-resin insulated conductors, in very accura
te moulds, under pressure, and heated to cure the epoxy. 

3 . 6 Mechanical problems 

After moulding, the coils are clamped in accurately stamped laminated 
collars to ensure perfect positioning and a mechanical force greater than 
that exerted by the field so that the conductor cannot move as the field is 
applied. The collars are made of stainless steel or of aluminium alloy. 
They have to withstand huge bursting forces which, for example, in the case 
of the dipole of Fig. 9 are greater than 300 t/m of magnet for a coil aper
ture of 100 mm and a field of 5 T. The collared coils must be well centered 
with respect to the iron to avoid field errors and unbalanced forces. 
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Two main designs are often discussed, depending on the iron location : 
'warm iron' or 'cold iron'. In the former the iron is at room temperature 
so that the cryogenic insulation must be located between the coils and the 
iron. The main advantage of this solution is that the large mass of iron 
has not to be cooled down, so saving time and money in the case of a failed 
magnet which has to be changed in an accelerator ring. The drawback, how
ever, is in the centering of the coils which has to be achieved via cryoge
nic supports which are generally very complicated to fulfill both the 
requirements of good centering and low heat conduction. 

In the cold-iron solution we have the reverse situation with easy and 
accurate centering but a long cool-down. Other advantages of cold iron 
are : lower stored energy (important for magnet protection) and a stronger 
field produced by the iron which is located closer to the coils. 

3 . 7 Specific problems 

3.7.1 Training and protection 

Today, with stabilized intrinsically stable superconductors and good 
mechanical construction, most of the magnets reach their nominal field 
without any degradation. However, very often during the initial test, 
magnets quench below their nominal current and, in subsequent tests, quench 
at higher and higher fields until finally reaching their nominal value. 
This phenomenon, called 'training', is due to small remaining mechanical 
imperfections which are 'rubbed out' under increasing magnetic pressure. A 
magnet which has been 'trained' should then work to its nominal current 
without further quenching except for other reasons such as a lack of cryo
genic cooling or beam losses in the coils. In any case a magnet must be 
protected. 

When a magnet quenches, and if no precautions have been taken, the 
whole stored energy will be dissipated in the area of the quench initiation 
point. In accelerator magnets with fields in the range of 5 T the overall 

o 
current density is of the order of 300 A/mm which implies a copper to 
superconducting ratio of less than 2/1. We are therefore very far from 
cryogenic stability and an enormous heating will take place at the quench 
initiation point which will thus become the hottest part of the magnet. By 
making an adiabatic approximation around the initiation point and integra
ting over the duration of the quench we can calculate the temperature of the 
hottest point 9 m a x with the equation 

f 32(t)dt = J 9 m a x m c, (; ) de , (3) 
o e 0 p(e) 

where 3 is the current density in copper, m the density (averaged), c(8) the 
specific heat and p(8) the resistivity. 
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For a given material m, c and p are fixed, so the only way to decrease 
6max i s to obtain a faster current decay by using an external resistance 
Rn through which the stored energy can be discharged as soon as a quench 
is detected (Fig. 12). As soon as the power supply is switched off a vol
tage appears across the magnet and one has to balance the risk of over
heating against the risk of voltage breakdown. For a magnet with a large 
stored energy and (or) high current density it is always better to use a 
high current since the energy is easier to extract because of the low self 
inductance. Extracting the energy is also important to avoid the helium 
vessels being submitted to high pressure due to the rapid vaporization of 
the liquid helium. 

'o 
+ 

o—T) 1 

;RD 

k 

P.S. 

o—T) 1 

;RD 

k 

-

o—T) 1 

;RD 

k 

Fig. 12 - Magnet discharge circuit 

In accelerator rings many magnets are connected in series and special 
current leads allow the energy to be extracted only every lattice cell or 
half cell . As the extraction voltage is limited, one uses the technique of 
spreading the quench throughout the magnet, or to other magnets in the cell, 
by means of heaters which are activated as soon as the quench is detected. 
The energy dissipation is then more evenly distributed so reducing hot 
spots. Simultaneously, relief valves are opened in the cryogenic vessels to 
prevent over pressure. Protection is, in any case, a very important problem 
in accelerator rings. 

3.7.2 Remanent field 

The persistent currents which are set up in the filaments during a 
field cycle and which give rise to instabilities and losses as shown above, 
are also responsible for remanent field in the beam aperture. This remanent 
field does not have the same symmetry as the main field and is, for example, 
sextupolar in a dipole magnet and dodecapolar in a quadrupole magnet. The 
remanent field, AB, is proportional to the critical current density and to 
the filament size, hence another reason to use thin filaments in accelerator 
magnets. The relative error, AB/B, decreases with increasing field and is 
therefore only important at low field values. However even with a 10 p. 
filament size this error is at least ten times bigger than any other in a 
dipole magnet. It must be compensated possibly by additional sextupole 
correcting magnets placed around the accelerator. 
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4. PRACTICAL MAGNETS 

At the time of writing only one working accelerator uses superconduc
ting magnets : the Fermilab 1 TeV proton machine which started to work in 
1983. However, two other machines are under construction : 
- the 3 TeV machine, UNK, at Serpukhov (USSR) 
- the 820 GeV machine, HERA, at Hamburg (RFA) 
They both use fields a little below 5 T and should be in operation in the 
late 1980's. Another machine, TRISTAN, a 350 GeV proton ring, is also under 
construction at Tsukuba (Japan). 

The technology used for the magnets of the latter three machines is 
very similar although the magnet apertures vary from 75 mm for HERA to 
140 mm for TRISTAN. Their cryogenic systems are more complicated than that 
mentioned so far ; the coils are not in a helium bath but, to avoid bubbles, 
in forced-flow, pressurized helium. A counter flow of boiling helium 
ensures cooling of the pressurized helium by heat exchange through the 
vessel walls. 

Figures 13 to 17 show dipole and quadrupole prototypes made for HERA 
but further development may be necessary before their design is frozen. 

1) coils 4) two phase He 7) thermal shield 
2) collars 5) one phase He 8) iron yoke 
3) He vessel 6) beam vacuum chamber 9) insulating vacuum 

10) coil support 

Fig. 13 - HERA dipole cross section (warm iron) 
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Fig. 14 - HERA dipole collaring process 

1) coils 
2) collars 
3) He vessel 

4) support key 
5) beam vacuum chamber 
6) two phase He 

7) thermal shield 
9) iron yoke 

10) coil support 

Fig. 15 - HERA dipole cross section (warm iron) 
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Fig. 16 - A completed HERA quadrupole in its cryostat 

1) coils 
2) collars 
3) iron yoke 

4) assembling bolt 7) 
5) assembling bars 8) 
6) He vessel 9) 

beam vacuum chamber 
two phase He 

10) thermal shield 
11) vacuum vessel 
12) magnet support 

Fig. 17 - Another solution studied for the HERA dipole (cold iron) 
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5. FUTURE PROJECTS 

5.1 General it ies 

The magnets discussed so far are all in the 5 T range and use NbTi as 
superconductor. However, high energy physicists and machine designers are 
already thinking about machines to be built after 1990. Two large projects 
are presently being discussed : the LHC (Large Hadron Collider) at CERN, and 
the the SSC (Superconducting Super Collider) in the USA. Both aim to 
produce beam-beam collisions in a two-channel machine with different types 
of particles (pp, pp, ions). 

The LHC would be built in the 27 km tunnel now under construction for 
the LEP machine and, therefore, the highest field possible is desired. A 
10 T field, for example, would allow each beam to reach 9 TeV i.e. 18 TeV in 
the centre of mass. 

The parameters of SCC are completely free because the site has not yet 
been chosen, though the energy should be 20 TeV per beam i.e. 40 TeV in the 
center of the mass. A study is underway to choose the most economical solu
tion. For a given energy one can choose either a high field and a small 
circumference, or the contrary. High fields increase the price of the 
magnet while decreasing that of the tunnel and vice versa and the optimal 
solution must be found for a given machine. Three solutions are being 
studied and magnet models are being built in several laboratories in the USA 
with the three following solutions in mind : 
- a 2.5 T field and 200 km circumference tunnel. It is called "super ferric" 

because the iron is used as in conventional magnets to shape the field 
- use of the present Tevatron technology with a 5 T field and 100 km circum

ference 
- a higher field of 6-10 T with a 60 km circumference. 

Both the LHC and SSC projects are very ambitious and a great deal of 
work will be necessary to develop the high field magnets required. As we 
have seen, a large programme is already underway in the USA. For LHC, CERN 
is proposing a development programme which would take place in the European 
laboratories and industries interested in superconducting materials. 

5.2 Toward the 10 T magnet 

Superconducting solenoids are currently made with 10 T or even 15 T 
fields. But making dipoles or quadrupoles for accelerators is much more 
difficult. In order to reach 10 T in a dipole magnet with the required 

2 
dimensions we need an overall current density of the order of 300 A/mm 
i.e. about what we now have in 5 T NbTi magnets working at 4.2 K. This 
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can be achieved in two ways : 
- using NbTi at a lower temperature than 4.2 K, for example 1.8 K 
- using another material such as Nb3Sn whose critical field and current 

density are larger. 

This is clear from Fig. 18 where current densities in NbTi and in Nb3Sn 
excluding stabilizer are shown. 

h J kA/mrn2 

Nb3Sn 4.2K 

10* 

10J 

102 

10 

Fig. 18 - Current densities of NbTi and Nb3Sn 

5.2.1 NbTi at 1.8 K 

This solution permits the use of a well known material, NbTi, which 
is a strong , easily made alloy, with a construction technique not much 
different than in current practice. Furthermore, ternary alloys such as 
NbTiTa or NbTiHf, which have slightly better characteristics, are being 
developed. Going to 1.8 K not only increases the critical field and current 
density, but below 2.2 K the helium becomes superfluid and has a very good 
heat conduction. This improves heat exchange and therefore the stability of 
the superconductor. 

5.2.2 Nb 3Sn at 4.2 K 

Nb3Sn was used even before NbTi in early magnets, but its use was 
very limited because of its brittleness and the great difficulty to produce 
it in multifilamentary form. However, in view of its much better perfor
mance, much development work has been done and mul tifilamentary NbsSn 
composites have come to the market. 

Nb3Sn is not an alloy but rather an intermetallie compound formed by 
solid diffusion of Sn into the Nb by heating the composite at about 700° C 
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for many hours. Unfortunately, this makes it fragile ans it is no longer 
possible to bend the wire to a small radius. Therefore, a completely new 
magnet building technology is required in which the coils are formed before 
being heat treated. However, the technique introduces many new problems 
such as the electrical insulation of the cable which must now withstand a 
temperature of 700°C. 

6. CONCLUSION 

The real development of superconducting magnets started only 15 years 
ago with the first available mult ifilamentary composite. This development 
took place first for High-Energy Physics detectors and, later, for the 
construction of accelerators themselves. 

The first superconducting accelerator, the Tevatron at FERMILAB, has 
been working for one year now while other projects, such as HERA in Europe, 
are under construction. Thus, the problem of making 5 T field magnets with 
NbTi at 4.2 K is solved and the technology is spreading rapidly into 
indust ry. 

The next step is the 8-10 T magnet for future machines such as LHC or 
SSC. Big development programmes are already under way in the USA and Japan, 
and others are starting in Europe. Whatever the future of these projects, 
superconductivity technology will benefit from these important development 
programmes. 
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PLANNED HEP ACCELERATORS 

K. Johnsen 
CERN, Geneva 

1. INTRODUCTION 

Particle accelerators became an important tool for experimental 
nuclear physics from around 1930. Since then there has been tremendous 
progress in the construction of such accelerators with an increase of about 
one and a half orders of magnitude in beam energy per decade, as illus
trated by the updated Livingston plot shown in Fig. 1. 

Just looking at this chart one notices a very important feature. The 
progress of each type of accelerator has saturated fairly quickly, whereas 
new ideas have been proposed regularly and have been the main contributors 
to the rapid advance. Two startling examples can be pointed out: the 
invention of the alternating gradient focusing in the early fifties and the 
application of colliding beams in the sixties and onwards. This is perhaps 
even more clearly seen in a modified version of the Livingston chart as 
presented in Fig. 2. Although technological advances in accelerator com
ponents have been important in the application of the various ideas, the 
main steps forward have in the past come through inventions that lie within 
the field of accelerator physics. For the near future the technological 
developments within such fields as superconductivity have become of great 
si gni ficance. 

Accelerators have become valuable tools in many areas such as; 

High Energy Physics (HEP) 
Nuclear Physics (in particular Heavy Ions) 
Nuclear Chemistry 
Solid state physics etc. (Synchrotron light sources) 
Material studies 
Medi ci ne 
Fusion (Heavy-ion drivers for inertial confinement) 
Etc. 

This seminar will be devoted entirely to accelerators for high-energy 
physics and more particularly, for the highest-energy accelerators we can 
envisage for the future, based on currently established technology. Tables 
1, 2, and 3 list most of the facilities the HEP community has available now 
(Table 1 ) , has under construction (Table 2) or is hoping to get authorised 
within this century (Table 3 ) . Comments will be made on most of the listed 
faci1i t ies. 
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Table 1 
HEP accelerators in operation 

Accelerators Particles c m . Energy Lumi nosity Remarks 

AGS at 
Brookhaven P 8 GeV -

Fixed 
target 
polari sed 
beams 

Energy Doubler 
at Fermi lab P 40 GeV - Fi xed 

target 
PEP at SLAC e + e - 30 GeV 3.2 x 1 0 3 1 cm" 2 s- 1 Col 1ider 
CESR at 
Cornel 1 

e + e " 11 GeV 3.6 x 1 0 3 1 cm- 2 s- 1 Collider 

PETRA at DESY e + e ~ 46 GeV 1.8 x 1 0 3 1 cm" 2 s - 1 Collider 
SPS at CERN P 30 GeV - Fi xed 

target 
pp" collider 
at CERN PP" 630 GeV 2 x 1 0 2 9 cm" 2 s - 1 Col lider 

Table 2 
HEP Accelerators under construction 

Accelerators Parti cles c m . Energy Lumi nosity Remarks 

Tevatron I 
at Fermi lab 

PP" 1600 GeV 1 to 6 x 1 0 3 0 c m - 2 s - J Collider 

SLC at SLAC e + e - 100 GeV 6 x 1 0 3 0 cm" 2 s- 1 Linear 
col 1ider 

LEP I at CERN e + e _ 110 GeV 1.6 x 1 0 3 1 cm" 2 s- 1 Collider 
HERA at DESY ep 300 GeV 3 x 1 0 3 1 cm" 2 s- 1 Collider 
TRISTAN in 
Japan 

e + e - 54 GeV 8 x 1 0 3 1 cm" 2 s- 1 Col 1ider 
-possible 
later 
extension 
to ep 

UNK in USSR P 28 GeV Fi xed 
target 

-possible 
extension 
to 3 TeV 
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Table 3 
HEP accelerators under study 

Accelerators Particles c m . Energy Lumi nosity Remarks 
RHIC in 
Brookhaven 

p to Au 500 GeV or 
100 GeV/amu 

3 x 1 0 3 0 e r n e s ' 1 

1.2 x 1 0 2 7 c m " 2 s " 1 
Heavy ion 
col 1ider 

LHC at CERN PP 16-18 TeV ~ 1 0 3 3 c m " 2 s " 1 Collider 
SSC in the USA PP 40 TeV ~ 1 0 3 3 c m " 2 s - 1 Collider 

2. HIGH ENERGY ACCELERATORS NOW AVAILABLE FOR PHYSICS (TABLE 1) 

The machines listed in Table 1 are well known to everybody. Let me 
nevertheless make a few short comments on each. 

2.1 The AGS at Brookhaven 

This machine has a low centre-of-mass energy (~ 8 GeV/c) compared with 
the other machines listed. However, recently the important feature of 
polarised protons has been added to this facility which makes it rather 
unique. 

2.2 The Energy Doubler at Fermilab 

This is the first and only accelerator so far with guide and focusing 
fields provided by superconducting magnets and is in this respect a 
pioneer. It is at present a fixed-target machine but will in a few years 
time be converted to a pp- collider, to which I shall return later. 

2.3 PEP at SLAC 

This is the highest energy e + e _ collider in operation in the USA. 

2.4 CESR at Cornell 

This machine was designed to have its optimum performance around the 
upsiIon-energy. It was rather unique in the cheap and efficient way it was 
constructed within a university environment. 

2.5 PETRA at DESY 

With its 2 x 23 GeV PETRA is the highest energy e + e " collider in the 
world. In addition to being a physics tool, it will also act as an impor
tant element in the injection system for HERA (see later). 
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2.6 SPS and the pp~ collider at CERN 

Although the SPS continues to be exploited for important fixed target 
physics, the most exciting use of this machine is as a proton-antiproton 
collider. The layout of the whole facility is given in Fig. 3. The most 
unusual element in this chain of accelerators is the antiproton accumulator 
(AA) . In this ring stochastic cooling is being used to accumulate an in
tense antiproton current from an antiproton producing target. The typical 
accumulation time is one day. The accumulated antiprotons are then fed 
back to the PS where they are accelerated to 26 GeV before being trans
ferred to the SPS. Already circulating in the SPS, there are a few proton 
bunches that were transferred just before the antiprotons. Both the proton 
and the antiproton beams are then accelerated to about 300 GeV per beam. 
At this energy the beams have a lifetime of the order of a day, and during 
this period collisions between the two beams take place and physics experi
ments can be performed at higher energies than any achieved elsewhere. 
Quite regularly the average luminosity during a run is 1 0 2 9 c m " 2 s - 1 . The 
record luminosity at the moment (September 1984) is 1.9 x 1 0 2 9 c m " 2 s _ 1 . 

This luminosity is quite adequate for interesting physics and has, for 
instance, led to the experimental discoveries of the W and Z particles. 
However, higher luminosities are desirable, and an improvement programme is 
underway with the aim of an order of magnitude increase in luminosity. 
This programme, which includes the construction of a separate collector 
ring, is expected to be completed in 1987. 

3. PROJECTS UNDER CONSTRUCTION (TABLE 2) 

In addition to the high-energy facilities already in operation there 
are quite a few that have been authorised and are under construction. 
These are listed in Table 2, in the sequence in which they are expected to 
come into operation. As seen, most of them will be operational near the 
end of this decade, but late enough that their main exploitation for 
experimental research will be in the nineties. They are worth a few 
comments. 

3.1 The Tevatron I at Fermilab 

The plans for a pp" collider at Fermilab are in principle very similar 
to the CERN collider as described in Section 2.6. However, since they plan 
to use their Doubler Ring for the colliding beams they will reach a 
centre-of-mass energy of 1.5 - 2 TeV, i.e. a factor of about three above 
CERN. They also plan on a luminosity similar to the one CERN plans with 
its improvement programme, i.e. several times 1 0 3 0 c m - 2 s - 1 . This system 
should be operational from 1986 onwards. 
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3.2 The SLAC Linear Collider (SLC) 

The idea behind a linear collider is to have two linear accelerator 
beams aimed at each other to collide electrons and positrons. The reasons 
for choosing this route, instead of the traditional one of colliding beams 
in a storage ring, are economic. The additional r.f. power, needed to com
pensate for the steeply rising energy losses through synchrotron radiation, 
makes the cost of storage rings increase as the square of their energy. On 
the other hand, linear machine costs increase only as the first power of 
the energy. 

The SLC aims to use the existing SLAC linac to produce both an elec
tron and a positron beam for collisions at centre-of-mass energies up to 
100 GeV (Fig. 4 ) . 

Collider Arcs 

Transport from Linac 

Pulse Compressors (2 

Damping Rings (2) 

Electron Booster 

Existing Linac 

Positron Target Electron Gun 

Fig. 4 The schematic 'tennis racket' diagram showing the principle of 
the proposed new SLAC Linear Collider (SLC). 

The project requires the construction of two damping rings, a new 
electron injector, a positron target and return line, the collider arcs, 
and the final focusing system to bring the particle bunches into collision. 

The electron gun produces the required 5 x 1 0 1 0 electrons to fill a 
single r.f. bucket, corresponding to a bunch about a millimetre long. With 
this beam accelerated to about 35 GeV and dumped into a target, enough low 
energy positrons would be produced and brought back to the injection end of 
the linac to provide the required intense positron beam. 
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Although the positron and electron bunches would be both intense 
enough and short enough, neither would be small enough in transverse size 
for use in the collider. The positron beam, with its diffuse production 
process, would be about 100 times too big. The two bunches will therefore 
first be accelerated to about 1 GeV and stored in Damping Rings, where 
after several milliseconds the emittance of the bunches would be small 
enough for them to be reinjected into the linac for subsequent 
acceleration. 

The positron and electron rings each have two bunches. On 'go', both 
electron bunches but only one positron bunch are taken out of the rings and 
injected into the linac. The positron bunch and the first electron bunch 
make it to the end of the linac, where they are diverted into the two arcs 
for the trip round to the collision point. The second electron bunch is 
diverted about two-thirds of the way along the linac into the positron tar
get. This produces a positron bunch which is accelerated to 1.2 GeV and 
injected into the positron damping ring. At the same time, two new elec
tron bunches are delivered by the electron gun and injected into the now 
empty electron ring, completing the cycle. The whole process would take 
some tens of microseconds and would be repeated 180 times per second. 

Table 4 sums up the main parameters for this project, 
tion is planned to be finished in late 1986. 

The construc-

Table 4 

Energy 2 x 50 GeV 
Lumi nos i ty 6 x 1 0 3 0 c m " 2 s-1 

Transverse beam size in final focus 2.8 urn 
Bunch length 2 mm 

3.3 The CERN Large e + e ' Collider (LEP) 

P6 

Fig. 5 LEP 
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LEP is a conventional approach to colliding electrons on positrons, 
only larger than existing e + e " colliders so as to reach higher energies. 
The layout of this machine is shown in Fig. 5. 

It is important to notice that by placing LEP close to the present 
CERN laboratory, it is possible not only to make extensive use of the CERN 
infrastructure, but also to use present accelerators, like the PS and the 
SPS, as important elements of the injection system. 

As presently being built the beam energy of LEP will be 50 GeV. 
However, it is foreseen to extend the project to higher energies, as 
illustrated in Table 5. 

Table 5 
LEP stages 

Beam energy 
(GeV) 

Power 
Dissipation 

(MW) 
Installed RF power 

(MW) 
Expt. areas 

at points 

Phase 1 50 75 16 (copper cav.) 2,4,6,8 
PIanni ng 
permission 

100 a) 150 48 (supercond.cav.) 1,2,4,5,6,8 

'Ultimate' 125 a) (a) 96 (supercond .cav . ) all 8 

a) The precise future energy levels as well as the power dissipation 
depend on the development of superconducting RF technology 

The luminosity is expected to be a little above 1 0 3 1 c m - 2 s " y for 
Phase 1, increasing with increasing energy to perhaps 1 0 3 2 c m - 2 s - 1 for the 
'ultimate' phase. 

The project is under construction and is planned to have beams near 
the end of 1988. 

3.4 The DESY electron-proton collider (HERA) 

The desirability of an electron-proton collider has for long been dis
cussed in the high-energy physics community. In Spring 1984, after several 
years of study, the DESY laboratory got the authorisation from the govern
ments of the Federal Republic of Germany and the town of Hamburg to proceed 
with the construction of such a project, which has been called HERA. HERA 
consists of two accelerators, one for electrons and one for protons, 
installed one above the other in a single tunnel. The layout of HERA on a 
site adjoining DESY is shown in Fig. 6. 

The electron ring is fairly conventional, based on the experience at 
DESY with DORIS and PETRA, and partly using components from these rings 
(e.g. the r.f. system). 
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Fig. 6 HERA 

To reach high proton energy with a reasonably sized ring and with an 
acceptable power consumption the proton ring will be constructed with 
superconducting magnets. 

For both rings extensive use will be made of the existing accelerators 
like DESY and PETRA for the injection system, with some rebuilding, addi
tions and modifications. 

An important issue has been the crossing angle of the two beams. 
Recent tracking computations indicate serious beam-beam effects if bunched 
beams pass through each other at an angle. It has therefore been decided 
to design for head-on collisions. This means some sacrifice in luminosity, 
but a more serious consequence of such a geometry is the additional syn
chrotron radiation that is being thrown into the experimental areas. 
Special low-field magnets for the bends near the interaction regions are 
being considered to minimise this effect. 

The main parameters for HERA are listed in Table 6. 

Table 6 
p-ring e-ring 

Energy (GeV) 
Circumference (km) 
Dipole strength (T) 
Luminosity (cm s" 1) 
Number of interaction points 

820 
6 

4.5 
3 x 

i 
— 1 

30 
3 

0.18 
1 0 3 1 

\ 
L, 
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The construction of this project is advancing according to the pro
gramme, which forsees colliding e-p beams near the end of 1989. This 
facility will then be very complementary to the other facilities in the 
world. 

3.5 The e +e~ collider TRISTAN in Japan 

The KEK laboratory in Japan is presently constructing a 2 x 30 GeV 
e +e" collider with the dimensions as shown in Fig. 7, and with a design 
luminosity of 10 

GeV-P 

Fig. 7 Conceptual layout of the Tristan rings 

This is of a conventional design, but with the provision of later add
ing a 300 GeV proton ring, which would make it possible to collide 30 GeV 
electrons against 300 GeV protons with an estimated luminosity of 4 x 1 0 3 1 

cm" 2 s _ 1 . 

3.6 3 TeV protons in the USSR 

For some time a facility has been studied to add to the 70 GeV 
accelerator in Serpukhov. This study has crystallised into a system as 
shown in Fig. 8. 
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Extraction 

Fig. 8 UNK (USSR) 

At present the 400 GeV ring is under construction. In addition to 
being a research facility in its own right, it is also intended to be an 
injector into one or two 3 TeV superconducting rings to be, hopefully, 
added to the system later. This facility will operate not only for fixed-
target physics, but is also envisaged to be operated in various collider 
modes. 

4. PLANS UNDER STUDY (TABLE 3) 

In July 1983, a subpanel on New Facilities of the High Energy Physics 
Advisory Panel (HEPAP) in USA made some very important recommendations, two 
of which are worth quoting: 

" 1 . The Subpanel unanimously recommends the immediate initiation of a 
multi-TeV high-luminosity proton-proton collider project with the goal of 
physics experiments at this facility at the earliest possible date." 

"4. By a majority vote, the Subpanel recommends that the Colliding Beam 
Accelerator (CBA) project at Brookhaven not be approved." 

This had several important repercussions. Firstly, the very interest
ing 2 x 400 GeV high-luminosity collider CBA (earlier called ISABELLE) at 
Brookhaven was killed by this recommendation in spite of being in the 
middle of construction and with the major technical difficulties solved. 

Secondly, an intensive study of a 2 x 20 TeV collider in the USA was 
undertaken immediately after these recommendations were submitted. 

Thirdly, in the light of this it was natural for Europe to look into 
what kind of hadron collider could possibly go into the LEP tunnel in order 
to compare this potentiality with the USA study. 
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Fourthly, it was natural to see if somehow the capital already 
invested in the CBA could be put to some good use without being in conflict 
with the recommendations of the above mentioned Subpanel. 

Some remarks will be made below on all four possible projects. Since 
there is no clear time sequence, the order in which they will be discussed 
below will be in the order of their potential energies. 

4.1 Relativistic Heavy Ion Collider (RHIC) in the CBA tunnel 

When the CBA project was stopped its tunnel had been completed, as 
well as some service buildings and experimental areas. The major cooling 
plant was on order and near completion. The same with some other compon
ents. Several possibilities were investigated to make use of these invest
ments, among which there were an ep collider and a heavy ion collider. In 
the end, after having registered a considerable interest among the nuclear 
physics community in addition to some interest from high-energy physicists, 
Brookhaven decided to study in detail the possibility of a Relativistic 
Heavy Ion Collider (RHIC) with the aim of proposing such a project to the 
Department of Energy. 

A maximum beam energy of ~ 100 GeV/amu for beams of gold ions arises 
naturally and simply from the circumference of the existing tunnel (~ 4 
k m ) , the availability of a very large cryogenic refrigerator facility, and 
by selecting a very modest, conservative, magnetic bending field of 
~ 3.5 T. This relatively low field allows a simpler and cheaper magnet 
design than the one used in the FNAL Doubler, or the ones for CBA or the 
electron-proton collider HERA. With this Collider facility, a wide and 
continuous range of equivalent beam energies, in the centre of mass frame, 
is available from ~ 1.5 GeV/amu to 100 GeV/amu. This range would be 
attained by using the AGS for fixed target experiments (1.5 GeV/amu to 2.5 
GeV/amu), one Collider beam striking a gas jet or wire target (2.5 GeV/amu 
to 7 GeV/amu), and the colliding beams of the Collider itself (7 GeV/amu 
to 100 GeV/amu). This range of energies, the flexibility of having fixed 
target operation as well as beam-beam collisions, and the full range of ion 
species from protons to gold, would provide a unique facility. 

Figure 9 is a site plan showing the major components. The injection 
is provided by an existing tandem van de Graaff and a beam line for a new 
booster, from which the fully stripped ions are injected into the AGS. 
Fifty-seven AGS bunches are stacked in a box-car fashion in each of the two 
RHIC rings. 
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Fig. 9 Layout of RHIC project - collider and source 
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It will be possible to produce head-on collisions and crossing at 
2 mrad. Other crossing angles can also be accommodated. The free space 
around the intersecting point is ±10 m. Peak luminosity depends on the ion 
species and the angle at which the beams collide. For example, for head-on 
collisions with gold ion beams, a maximum luminosity of ~ 1.2 x 1 0 2 7 c m - 2 

s _ 1 is expected. For protons (at 2 x 250 GeV) the expected value is ~ 1.2 
x 1 0 3 1 c m " 2 s - 1 . These maximum values will be decreased by a factor of ~ 4 
using the beam crossing angle of 2 mrad. Good luminosity (largely deter
mined by intrabeam scattering) should be possible for at least 10 hours for 
ion energies from y = 12 to 100. For head-on collisions the interaction 
region length will vary from ±35 cm to ±106 cm rms over 10 hours at 100 
GeV/amu. For a crossing angle of 2 mrad this interaction is ±14 cm rms. 

BNL proposes to start construction of RHIC in 1986 with completion in 
1990 at a total cost of 134 M$. 

4.2 A Large Hadron Collider (LHC) in the LEP tunnel 

The installation of a hadron collider in the LEP tunnel, using super
conducting magnets, has always been foreseen as a natural long term exten
sion of the CERN facilities beyond LEP. Indeed, such considerations formed 
part of the arguments that determined the radius and size of the LEP tun
nel. A range of possibilities exists for such a collider. The conceptu
ally simplest option would be a pp" ring with a single beam channel, 
preferably with the highest possible guide field. The luminosity would, 
however, be relatively low because antiproton sources are not very 
intense. Furthermore, in order to make provision for bunch separation at 
unwanted crossings, the aperture must be somewhat enlarged compared with a 
single beam mach i ne. 

Another, and probably more interesting, option would be two beam chan
nels side by side. For space reasons, it is in that case an advantage to 
use the so-called "2 in 1" solution to the magnet design, i.e. the two 
channels within the same magnet yoke and the same cryostat. The two-
channel approach will allow high-luminosity pp collisions with many 
bunches. For this reason this approach has formed the basis of some 
studies within ECFA and CERN of such a project. The main parameters that 
have come out of this study are listed in Table 7 and 8. 

A few clarifying comments to these tables may be useful. 

Since the tunnel is given it is important to get as high a magnetic 
field as possible. It is assumed that an R & D programme on Nb 3Sn magnets 
will be successful, which should result in about 10 T bending field. This 
should then give 8-9 TeV beam energy, depending on the final lattice 
design, where a few options are still open. 
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Table 7 
General parameters 

Col 1i der i n LEP tunnel Proton-proton 

Dipole magnetic field (T) 10 
Operating beam energy (TeV) 8-9 
Separation between orbits (mm) 165-180 
Number of bunches 3564 
Bunch spacing (ns) 25 
Number of crossing points 8 
Beta value at crossing point (m) 1 
Full crossing angle (jirad) 96 

Table 8 
Performance 

<n> at I = 100 (mb) 1 4 
Luminosity (cm - 2 s" 1) 4 x 1 0 3 2 1.5 x 1 0 3 3 

Beam-beam tune shift 0.0013 0.0025 
Beam stored energy (MJ) 63 121 
RMS beam radius (urn)* 12 
Beam life-time (h)** 42 n 

* at interaction point for p* = 1 m 
** particle loss due to beam-beam collisions 

The crossing angle may have to be reconsidered in the light of the 
difficulty mentioned in Section 3.4. Experiments at present planned on the 
SPS may give further guidance on this problem. 

The shortest acceptable bunch spacing (and therefore the maximum num
ber of bunches) is determined by the response times of detector elements, 
which can hardly be assumed shorter than 25 ns. 

Another uncertain element is the number of events per bunch crossing 
that a detector system can accept. It is believed to be of the order of 
one. In Table 8 one event per bunch crossing has been assumed for the 
first column. A second column where four events per bunch crossinq has 
been assumed is also presented. It seems clear that for a machine to oper
ate at 1 0 3 3 cm" 2 s - 1 some detector development is needed, whereas the cor
responding machine parameters seem alright. If higher luminosities are 
needed both machine performance and detector performance will have to be 
stretched. 
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This study has demonstrated that a hadron collider in the LEP tunnel 

would technically and scientifically be a very sound proposition. Centre-
of-mass energies of 10-12 TeV would be reachable with present-day super
conducting technology, with the prospect of 15-20 TeV with successful Nb 3Sn 
development. Luminosities of 1 0 3 2 - 1 0 3 3 c m - 2 s" 1 seem entirely feasible in 
each of the eight interaction regions. 

Whether or not such a machine will be built depends, however, on the 
development over the next few years of high-energy physics in the world in 
general and in Europe more specifically. It also depends on how new ideas 
develop during the rest of this century. 

4.3 A multi-TeV collider in the USA 

As stated in the introduction- to this chapter, the HEP community in 
the USA preferred to skip the step that the CBA would have constituted in 
favour of a multi-TeV collider as soon as possible, and vigorous effort 
goes into the study of a 2 x 20 TeV facility called the SSC (for Super 
Superconducting Collider). 

For this project there is no existing tunnel to put constraints on the 
magnitude of the guide field. They have therefore considered many field 
options between 3 T and 6.5 T, with little emphasis on the 10 T option 
since the time element is so important in their case. Otherwise the con
siderations are very similar to the ones described in the previous para
graph. A summary of the present results for the preliminary study is given 
i n Tab le 9 and Fig. 10. 

Table 9 
Primary SSC design objectives 

Maximum beam energy (TeV) 
Injection energy (TeV) 
Maximum luminosity ( c m - 2 s - 1 ) 
Maximum number of interactions per bunch 

crossing (at max. luminosity) 
Number of interaction regions 

20 
1 
1 0 3 3 

10 
6 (4 initially 

developed) 

Field (T) 
Circumference (km) 

6.5 5 3 
90 113 164 

A few years of further design studies are needed before final para
meters can be settled and a decision on the fate of the project can be 
taken. However, with the options chosen by the American physicists the 
construction of this project, or an approximately equivalent one, has 
become very urgent as the HEP community will be very short of experimental 
facilities in some years time. 
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Fig. 10 The principal features of the SSC view, including the main ring, 
the rings of the low and high energy booster machines, the linac 
and the campus. 

5. CONCLUDING REMARKS 

After this summary of the kind of facilities the HE physicist may have 
available near the end of this century and perhaps at the beginning of the 
next, it is tempting to try and draw some general conclusions. 

i) Firstly, technology is not the limiting factor for the coming genera
tion of facilities. 

ii) However, the projects become very large and correspondingly expen
sive. Funding possibilities may therefore become the most severe 
restriction in trying to realize the wishes. 
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iii) The future machines have all the features of relatively low lumi
nosity compared with earlier fixed-target accelerators. If we sum up 
the total luminosity available in the USA around 1995 (assuming the 
fixed target machines are outmoded by then) one arrives at such a low 
number that it may very well become restrictive on the activity. In 
Europe it is better, but not brilliant. 

iv) In the light of the cost and corresponding restrictions in the possi
bilities it is very important that the world community of high-energy 
physicists takes a close look at priorities to arrive at a rational 
programme, in which complementarity must be an important criterion. 

v) New ideas would be of short term (i.e. next 20-30 years) value only 
if they would help in reducing cost substantially. 

vi) If we try to look well beyond the time span covered by the projects 
outlined in this lecture, new ideas, or developments beyond what we 
can grasp now, seem to become a necessity in order to have further 
progress. 
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ELECTRON STRORAGE RINGS FOR THE PRODUCTION OF SYNCHROTRON RADIATION 

S. Tazzari 

INFN, Laboratori Nazionali di Frascati, Italy, and 

ESRF, c/o ŒRN, Geneva, Switzerland. 

INTRODUCTION 

An introductory overview is given on storage ring sources of synchrotron radiation (SR) — 

in particular, sources of rather hard X-rays (hv £ 1 keV). Requirements set by the users, 

properties of the devices used to produce the radiation, and finally design criteria to be 

followed to optimize a storage ring for the particular purpose, are discussed. 

THE PHYSICS AND THE EXPERIMENTAL REQUIREMENTS 

The study of the interaction of X-rays with matter goes back to the beginning of the 

century and has resulted in an amazingly large number of applications and findings of pri

mary importance. Interesting reviews can be found 1" 2), from which I will widely quote. 

The basic processes characterizing the interaction of X-ray photons with matter are 

absorption and scattering: on the first is based, for example, radiography, on the 

second the study of crystals and molecules. The importance that radiographic techniques 

have acquired in everyday life need not be stressed. As an example from the past in the 

field of crystallography, it suffices to quote the unravelling of the structure of the DNA 

molecule, which 'will stand out as one of the greatest scientific achievements of this 

century'. 

Up to a few years ago, when the new sources of X-rays became available from electron 

accelerators and storage rings, X-rays were only produced by means of X-ray tubes. In the 

conventional X-ray tube, the radiation is produced by bremsstrahlung of electrons as they 

strike the anode and by the de-excitation of electronic core levels in the atoms of the 

anode excited by incident electrons. Both processes are very inefficient, and more than 

99% of the electron energy is converted into heat. The dissipation of this heat sets 

practical limitations on the X-ray intensity that can be obtained from X-ray tubes. The 

spectrum consists of a continuous background with lines superimposed at fixed energies, 

and the angular distribution of emitted photons is approximately isotropic. Polarization 

is only partial and is a function of energy for the continuous part of the spectrum3). 

Synchrotron radiation suffers from none of these problems: in principle any intensity 

can be produced either in a continuous spectrum or in sharp tunable lines; it has excellent 

directional properties, well-defined polarization and, in addition, it can be made to have 

a very fast time structure. 

The availability of many-orders-of-magnitude more intense, tunable sources opens up 

entirely new scenarios of possibilities of interest to a multitude of disciplines and appli

cations. This is well illustrated in Fig. 1, where fields of activity and experimental 

methods are listed together with their relative frequency of occurrence at existing SR 

sources. Here it is sufficient to mention that an extremely wide spectrum of problems, all 

of importance, ranging from energy technology to semiconductor device production, from the 
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Distribution of fields of interest 

Basic atomic and molecular physics 
Basic condensed matter physics 
Materials science 
Chemistry 
Earth sciences 
Molecular biology 
Cell biology 
Medical science 

Distribution of methods 

Elastic diffraction 
Inelastic scattering 
Small-angle scattering 
Topography 
Radiography 
Absorption spectroscopy 
Fluorescence spectroscopy 
Photoemission spectroscopy 
Photoelectron spectroscopy 
Time resolved studies 

o% 25% 50% 75% 
1 "• T 1 I 

! • ' • • i J 

Fig. 1 Distribution of fields of interest and methods (from Ref. 2) 

basics of catalysis and corrosion to the properties of metals and alloys, from the detailed 
structure of protein molecules to preventive diagnostics of heart diseases (Fig. 2), can be 
studied. 

The basic requirements of an experimenter can be summarized, with some degree of over 
simplification, in just a few points: 

a) The largest possible number of the desired energy photons should reach the sample, so 
that samples containing fewer and fewer atoms (more dilute solutions, monoatomic sur
face layers, very small biological samples) can be studied. 

b) The photons reaching the sample should have the smallest possible divergence. 

For unfocused beams this simply translates into the requirement of a high brightness, 
^ (see Fig. 3), 

d 3n 
VQ. dt dn (AX/X) (1) 

where (AX/X) is the desired energy bandwidth. 
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Fig . 2 Synchrotron X-ray of the a r t e r i e s in a p i g ' s hea r t 
with a 20 mg/1 concent ra t ion of iodine (from Ref. 2) 

UNFOCUSED BEAM 

souroe sample 

B . FOCUSED BEAM 

source 

Requirements: 

a) a large number of photons should 
reach the sample; 

b) the beam should have a small di
vergence (diffraction experiments). 

BRIGHTNESS 

Requirements: 

a) a large number of photons should 
reach the sample (detector); 

b) the image of the source should be 
smal1 ; 

c) the divergence of the beam reaching 
the sample (detectoor) should be 
smal1 . 

BRILLIANCE 

<P, 
d«n 

Q ' dt dQ(dX/X) 
d4n 

dt dflds (dX/X) 

n - number of photons; 
t - time; 
X - wavelength; 
Q - solid angle 

source size; 

4> 
Q 

photons per second 
(mrad) 2 0.1% bandwidth 

photons per second 
(mrad) 2 (mm) 2 0.1% bandwidth 

Fig. 3 The requirements of brightness and brilliance for unfocused and focused beams 
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If the beam is focused onto the sample, then the smaller the source dimensions and 
divergence, the smaller the spot size and divergence of the photon beam at the sample. The 
figure of merit is now the brilliance B (see Fig. 3): 

B d"n 
dtdfidS (AA/À) (2) 

B is the most important figure of merit for hard X-ray sources. The increase in brilliance 
obtained over the last decades from improving their design is dramatic and is shown in 
Fig. 4. 
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Fig. 4 Increase in the brilliance obtained 
j i from X-ray sources 
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THE PRODUCTION OF SYNCHROTRON RADIATION 

An electron beam travelling along a curved path will lose energy by radiation — the 
synchrotron radiation. In a storage ring the energy lost in a turn is restored by the RF 
system, so that the average electron beam energy Eo is a constant. 

In storage rings built for HEP, synchrotron radiation generated in the bending magnets 
is a somewhat unwanted feature: the fast increase of radiated power with energy (P <* E"/p, 
where p is the bending radius) makes it expensive to move to very high energies (think of 
LEP with its 2 km of RF cavity). 

High power and intensity are, on the contrary, welcome to SR users who first set up 
their beam lines, looking at bending magnets, on practically all HEP rings. 

The geometry of a bending magnet source is illustrated in Fig. 5a. The spectrum is 
continuous, and a 'critical energy', 

= 3-\ m0c2 X-4TT ce po (3) 
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a) b) 

c) 

Fig. 5 Different sources of synchrotron radiation: 
a) bending magnet; b) wiggler; c) modulator 

(X is the electron Compton wavelength), is usually defined that divides the power spectrum 
C e ". 5 1 

into two equal halves » > • 

Since the vertical angular aperture of the emerging radiation fan is much smaller than 
its radial aperture (6 y being of the order of 1/ Y), the number of photons per unit time and 
per unit horizontal aperture angle is often integrated over the vertical distribution, giving 
the 'flux' 4>: 

d zn 
d6Rdt ' 

(4) 

TTie horizontal aperture is defined by slits, because the fan radiated by any given magnet 
is usually much larger than is needed by any beam line. 

Because of the natural vertical collimation and the small effective source size, these 
sources are intrinsically 'brilliant' compared with X-ray tubes. 

Note that on a given machine, p is a fixed quantity so that the critical energy of 
the radiation can only be changed by adjusting the operating energy. Also, increasing the 
experiment acceptance 9 R only increases the flux to the sample, without affecting the 
brilliance. 

A way to improve this is to use an 'insertion device', i.e. a special magnet to be 
placed on a straight section of the main lattice. Hie main lattice should, of course, 
ideally 'see' the device as a straight section. 
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A sequence of alternating magnetic fields, a 'wiggler' magnet, producing an orbit 

(usually lying in the horizontal plane) that starts and ends tangentially to the main 

orbit, is an obvious solution. It has the advantage that the local radius of curvature 

p is now, to within reasonable limits, an independent variable, so that the critical 

energy can be changed by changing the field (i.e. p ) even when the storage-ring energy is 

kept constant. 

The horizontal radiation aperture angle from one 'pole' is now 

„ eB A 

9M = t K = ,-ïî-ïï , (5) 
M y ' 2irm0c '

 l ' 

and depends on the wiggler magnetic field B and spatial period X . Depending on the value 

of K, 6 can be much larger or of the order of (or indeed smaller than) the 'natural' 

aperture of the radiation. 

The magnet is called a 'wiggler' if K » 1; otherwise it is an 'undulator'. Besides 

freeing the value of p (usually fields higher than those in the bends are used to produce 

higher-energy X-ray beams, and a single-period, very high field wiggler is often called a 

'wavelength shifter'), wigglers give higher flux than bending magnets for the same overall 

power. This is because of the compressed fan and because several 'poles' can radiate into 

the same fan angle (see Fig. 5b). For the same source size, the brilliance is now also 

increased by (approximately) the number of poles N (see Ref. 6). 

When K ~ 1, the aperture of the radiation fan due to the wiggler in the trajectory 

becomes comparable to the natural aperture of the radiation (Fig. Sc); the magnet becomes 

an 'undulator'. Interference effects between the radiation beams from different poles set 

in. The spectrum is modified and discrete lines appear at wavelengths (in the forward 

direction): 

v è M - « 1, 3, 5, ...) , (6) 

where X is the spatial period of the magnetic structure and i is the harmonic number (only 

odd harmonics appear in the forward direction). 

The angular aperture of the radiation (from a single electron) is narrowed down, because 

of interference, to 

e u * i/(Yvfi) , (7) 

so that, for large N, the brilliance can become extremely high. 

EFFECTIVE SOURCE SIZE 

The radiation is produced by an electron beam that has a finite size in the four-

dimensional (transverse) phase space (x, x', z, z'). For a Gaussian beam the envelope is 

an ellipsoid with standard deviations a , a', a , a'. 

In a storage ring the product e = a 'o', the betatron radial emittance, is a constant 

of the motion determined by the lattice; e is proportional to e through the coupling 

constant K of horizontal to vertical oscillations. The value of K can be controlled by 
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means of the lattice tunes (or of coupling elements such as tilted quadrupoles), and its 

ultimate value depends on machine errors and imperfections; it is usually much less than 1 

(0.1-0.01). 

One has, at a point where a , a , and the dispersion vanish, 

ex - v ° x = *x ir - TX> s - fe

x - V z = °z vz - vz • ( 8 ) 

The values of a , a', a , a', are of course functions of the position along the machine. 

From Eq. (8) it is, however, clear that small beam sizes and divergences need small Quit

tances. It is also seen that by properly choosing the g functions at the radiation source 

point, one can balance (within limits) the beam dimensions against divergence or vice versa. 

In the vertical plane, by keeping the coupling small, beam sizes smaller than those in the 

horizontal plane can be achieved. K values as small as 0.01 have been obtained on existing 

machines. 

Because of diffraction effects, a radiation beam of wavelength X R also has a finite 

intrinsic emittance — the same in both planes — given by 

£ R = AR = V°R ' ^ 

Since the actual source dimensions are, in the end, the r.m.s. combination of the electron 

beam dimension ov. and the diffraction values a R (for Gaussian beams), 

"effective = (°B + ^ ™ 

in all four dimensions. The beam emittance has to be compared with the radiation one, and 

should ideally be the smallest in order to achieve the highest brilliance in the beam. 

When dealing with X-rays of the order of 10 keV, the corresponding wavelength is 

A D ~ 10" l û m: this sets the scale for the ideally desirable beam emittance. It is found 
K 
that it is very difficult (although ideally not impossible) to achieve e = 10" 1 0 m even 

for a perfect lattice and in the zero current limit. 

Note that when discussing undulators where interference effects became important, we 

have implicitly assumed that the angular beam spread would be smaller than ai = l/(y/N). 

Otherwise, interference will tend to be cancelled. 

Since e„ £ e„, whilst ideally one would like to have 

a É = M 3 ) ' 7 ' ~ aR ' ( 1 1 ) 

a rather large 3 should be provided at places where undulators are to be located. 

Conversely, for a wiggler magnet or a bending-magnet source the angular beam spread 

plays hardly any role because it is usually much smaller than the aperture of the fan of 

radiation produced by the curvature in the trajectory. The objective is then to have 

o R - a„, and this calls for low values of &• 
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5. LOW-EMITTANŒ LATTICES 

The horizontal emittance in a storage ring is given by the expression 

x (1/P2> 
(12) 

where < ) means the average around the storage ring (in practice in the magnets because 

p -*• °° elsewhere); H is called the lattice invariant and is given by 

H = yD2 + 2aD D' + g D'2 

' X X X X X 
(13) 

where D is the horizontal dispersion function. Note that for an isomagnetic l a t t i c e 

(p = Po = constant) Eq. (12) becomes 

e x = C

q f r Z <H»/ ( J x Po) , C = 3.84 x lo - 1 3 m 
q 

(14) 

(J is the damping partition number, usually °» 1, and E has been replaced by the dimension-

less Y) • 

From Eq. (14) it is clear that in order to make e small, one should make <H> small. 

[Since (H) is proportional to po, see for example Eq. (18), the bending radius drops out 

of Eq. (14)]. 

From Eq. (13), one sees that in order to make <H) small, D (but also D', a , B ) 

should be small in the magnets. The physics is that dispersion should be small at places 

where photons are radiated, because the energy change associated with the emission of a 

photon causes the onset of betatron oscillations (proportional to D ) that contribute to 

the equilibrium of e 7-'-

In the following we will see that minima for H can be found for various types of 

lattices, involving proper choices for D , 8 , and their derivatives in the bending magnet. 

A very simple lattice that has low dispersion in the bending magnet and therefore can 

be made to have a low emittance, is the so-called 'double-focusing achromat' (a Chasman-

Green lattice from the names of the physicists who first proposed it). 

Its basic 'cell' is shown below: 

SI 

SI 
L/2 

QF 
—t— 
S3 

S2 

Here B^ and B 2 are bending magnets, and Q is a focusing quadrupole. Some additional 

focusing is, of course, needed on either side of the basic cell. The dispersion D is 

zero in straight sections SI and S2, so that the basic cell is an achromat: note that the 

cell is symmetric around S3, so that in fact the basic lattice building-block is the first 

half-cell. Zero dispersion in SI and S2 is also useful because the RF, injection, and in

sertion devices are best located in dispersion-free straight sections. 
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The dispersion D obeys the equation 

lÇ(s) «• g(s)Dx(s) - ̂  , (15) 

so that when one assumes D (s0) = D'(s0) = 0 and considers a uniform field magnet (n = 0, 

p = Po = const), it is easy to find that 

D x(si) = p 0(l - cos (fig) , 

D x(sj) = sin 4>B 

(16) 

where <f>B = £g/p 0. 

The symmetry condition D'(s3) = 0 determines (for a given L/2) the strength of quadru-

pole Q that makes the cell achromatic. 

As mentioned above, quadrupole doublets (or triplets) can be inserted in SI and S2 to 

shape the 6 functions. Since D is only excited by the bending field, these quadrupoles 

do not affect the dispersion. 

The emittance of a lattice built of such cells can easily be computed 8 - 1 0). It is 

found that when 8 is made to have a minimum value, 

B v (s*) 
mm 

A. 
B/5 

(17) 

at a point s = so + 0.375 £ R. The invariant <H) has a minimum 

<H> . = p 0 — 2 -
4/T5 

(18) 

and the emittance has a minimum 

£x . = V 2 * B ^ 4 ^ 
min n 

(19) 

in practical un i t s , 

mm 
2.48 x 10_1V<t>g (m-rad) (20) 

Note that by decreasing <|>R, i.e. by increasing the number of cells, the emittance can 

be made to decrease very quickly at any given energy. However, the required value of 8 

also decreases rapidly and soon becomes difficult to achieve (or gives unacceptably high 

values of 6 at the magnet ends). 

For instance, to achieve an emittance e = 10 - 9 m«rad at 5 GeV with a radius 
^min 

Po = 20 m, one would need approximately 42 cells (84 bending magnets, each ̂  1.5 m long) and 

a value 6 V • = 0.15 m. Strong focusing is required to obtain such low 3's at very many 
-*min 

(84) places around the machine, and large 8 oscillations, giving large chromâticities (see 
Section 6), are obtained. 
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Fig. 6 Double-focusing achromat lattice for the ESRF: 
1/16 of the ring. 

It can be shown10J that to obtain a reasonably well behaved lattice the emittance has 
to be increased by a factor of 2 to 3 over the ideal value given by Eq. (20). 

Also note that lowering the emittance tends to increase the machine circumference. 
Eventually, very low values of <j>R make it even difficult to extract the radiation from the 
machine because of the interference of beam ports with the lattice elements. 

As an example, a variant of such a lattice designed for the European Synchrotron 
Radiation Facility (ESRF) : 1 ) is shown in Fig. 6. It has 32 cells and gives an emittance 
of % 7 x 10~ 9 m'rad, about three times as large as predicted from Eq. (20), but with B Y . 

Tim 
of the order of 1 m. 

The horizontal beam size in the bending magnet has a minimum of less than 100 pm. 
Notice that many (y 30) long straight sections are provided for insertion devices, and that 
in those marked U (undulator) the 3 functions tend to be rather high (especially (3 ) , 
whilst in those marked W (wiggler), B's tend to be low, for the reasons explained in 
Section 4. 

The dependence of emittance on the product Y2(l>n exhibited by Eq. (19) is not peculiar 
to the Chasman-Green lattice, but is a rather general property. 

For instance, the emittance of the regular FODO lattices used in all large accelera
tors is 1 2) 

C 
e x = 4 -jâ F(u c) y 2*g = 7.68 x 1 0 _ 1 3 F ( u c ) Y

2 9 3 , (21) 
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where F (y J is a function of the betatron phase advance per cell y , and is given by 

F(MC) = 1 - | s in 2 £ + ± sin̂  -fjl [ s i n 2 X s i n i J c J (22) 

It has a minimum at around y = 3TT/4, where its value is F(3TT/4) = 0.62. The minimum is, 

however, rather flat in the range 100° - y - 160°. In this range of phase advances 

'V in 
5 x lQ-'V^g (m>rad) . (23) 

Notice that the coefficient is about 20 times larger than that in Eq. (20), meaning that 

for the same minimum emittance one needs about three times as many bending magnets. 

In practice, however, it is easier to come close to the minimum emittance with a FODO 

lattice than with a Chasman-Green type, and the factor on the number of magnets is generally 

less than or close to 2. 

When designing a machine with a very large number of straight sections whilst trying 

to keep the circumference reasonable, not many FODO cells are allowed in between the 

straight sections. It is rather hard, especially if you are accustomed to HE colliding-

beam storage ring lattices, to even recognize the FODO structure in the lattice of Fig. 7 

proposed as an alternative for the ESRF. However, its basic properties, and notably the 

regular behaviour and the low values of 6 , 6 in the 'arcs', are recognizable. 
X Z 

Note that u c = 3ir/4 ijnplies very strong focusing, and that chromaticity problems may 

be expected here too. Very strong focusing is, of course, inherent in the concept of all 

low-emittance lattices. 

As a side remark (but more can be found in Ref. 11 and its bibliography) note that 

low-emittance lattices, because they usually have low D , also have a very low momentum 

compaction factor a . Recall that the linear part of a is given by 

(o) Dx(s) 

"PÎST 
ds (24) 

( m ) 

l ( m ) 
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Fig. 7 A FODO type lattice for the ESRF 
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For the ESRF, cr0-1 = 3 x lO-1*. Non-linear terms may therefore become important and have to 

be watched. 

The low value of or -* also affects bunch length (very short bunches can be obtained, 

at least for vanishing current). 

SOME OF THE PROBLEMS TO BE SOLVED 

IN CONNECTION WITH LOW-EMITTANCE LATTICES 

6.1 Chromaticity correction 

One of the foremost problems is the correction of the lattice chromaticity13J. 

From the linearized equations of motion, the natural (linear) chromaticities Ç„ are 

found to be ' 

A Qx,z _ r _ 1 
r lx,z (# = ?T x z^t

P^ ( SV S ) d S ' (25) 

where AQ is the tune shift suffered by an off-momentum particle, and K(s) = G(s)/(B0Po) 

is the normalized quadrupole gradient. 

The physics is very simple: given the quadrupole gradients K(s), which give the 

right Q for an on-momentum particle, a particle with higher energy will be less strongly 

focused (and vice versa). A negative value of ? T will in general be obtained. 

The strong focusing required to obtain a low emittance implies strong gradients and, 

often, also rather large values of 3(s), so that Ç„ tends to become large. In the lattices 

we have been considering, a value of Ç_ ̂  50-100 is not unusual; meaning that, unless it 

is corrected, a particle only a few standard deviations away from the average energy will 

travel through strong resonances and be lost. 

Bearing in mind that Eq. (25) is only the linear part of the chromaticity, the second-

and higher-order effects may become important when Ç„ is large. 

The way to correct the linear chromaticity is to add extra momentum-dependent focusing. 

A sextupolar field placed where the dispersion is non-zero will do just that. More pre

cisely, its correction term is 

ar gi 

that Ç has the opposite sign with respect to C T, in both planes: 

Ç s = iÇpB(s)D x(s)K s(s) , (26) 

where K (s) is the normalized sextupolar gradient. This has to be chosen in such a way 

K s ^ = d r ' Gs = 7 ^ • ( 2 7 ) 

S fSoPo S Ù gf 

Note that £ has to be large to compensate for the large £ T, and that D is usually small 
s l x 

everywhere. This means that strong sextupoles are needed. 

The sextupolar fields introduce strong non-linearities in the equations of motion, and 

the linear approximation is no longer sufficient. To the second order in (Ap/p), changes 

of the 6-functions and of the dispersion with momentum have to be taken into account. Non-
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chromatic and higher-order effects, such as a Q-shift depending on the betatron oscilla
tion amplitude, are also found. These can be corrected by sextupoles in dispersion-free 
regions of the machine. Finally, resonances are excited by the non-linear terms (e.g. the 
third-order excited by sextupolar fields). 

Unless all these effects are properly corrected, the net result is that the phase-
space volume inside which particles are stable, the dynamic aperture, tends to become vanish-
ingly small. Injection then becomes very difficult or impossible, and lifetimes become 
insufficient. 

In order to obtain reasonably large dynamic apertures, complicated arrangements of 
separately powered sextupoles have to be found for each lattice. For instance, the project 
(ESRP) lattice shown in Fig. 6 requires five separate sextupole families (rather than the 
two that are necessary to correct the linear chromaticity only), and the lattice of Fig. 7 
about seven families. The arrangement of sextupoles and the limits of the dynamic aperture 
are studied by tracking many particles around the ring (of course in a computer simulation) 
for many hundreds of turns. 

The dynamic aperture of the ESRP lattice (ESRP-27), and that of a 'detuned1 version 
having twice the emittance (ESRP-30), are shown in Fig. 8. Note that it shrinks for off-
momentum particles (Ap/p f 0). Figure 9 shows two examples of phase-space plots, obtained 
by tracking particles with large initial amplitudes of oscillation (near the dynamic aper
ture limits). The position of the particle in phase space is recorded turn by turn, at a 

b) 

ESRP-27/3 
dynamic aperture 

AP/p =10G-p 

- ~ A D / . = 20G'n 

-W -30 -20 -10 10 20 30 tO 20 30 N x 

P/„ = 0 

20 X ( m m l 

Fig. 8 Dynamic apertures: ESRF lattices 27/3 
and 30/3 
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Fig. 9 Tracking with sextupoles: ESRF lattice 27/3 

given azimuth along the ring (in the example: the centre of a long straight section). Note 

how high-order resonances distort the shape of the phase-space trajectory, which would be a 

perfect ellipse if the lattice were linear. 

The problem of optimizing the chromaticity correction is central to the design of low-

emittance rings, and is still attacked largely by trial and error since a complete theory 

is lacking. 

6.2 Lifetimes 

The lifetime of the beam in a storage ring is determined by several effects: radial 

and energy oscillations7), bremsstrahlung1]J, and scattering on the residual gas atoms, 

beam-beam bremsstrahlung, intrabeam scattering, etc. 
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In high-energy colliding-beam facilities one is accustomed to consider bremsstrahlung 
as the main mechanism leading to the loss of particles. However, for low-emittance rings, 
when the dynamic aperture and the vacuum chamber aperture are much smaller than usual, 
scattering on the residual gas and intrabeam scattering have to be considered and may be
come dominant. 

Let us consider scattering: a particle is lost when it is scattered through an angle 
greater than that limiting the dynamic aperture at the position where the scattering event 
takes place, or in such a way that the ensuring oscillation amplitude will take it across 
the boundary determined by the physical chamber aperture. Let (da/dfi). be the correspond
ing differential cross-section for an atom of species i, and let n. be the density of 
scattering atoms of species i in the residual gas. 

The scattering lifetime T is then given by 

s . Q >• J\ 

where dfi is the solid angle over which the particle is lost. 
If the machine acceptance is limited by the dynamic aperture, represented in real 

space by an ellipse having half axes N a and N a (with N , N integers), it can be shown 
A A Z. Z. A. Zi 

, 4cr'K 1 _ e ir 
T s = Y 2 7 

v x z 
Zn. P iZ^ , (29) 

where B and 6 are averages over the machine, and Z. is the atomic number of the scatter
ing atom. Note that when e , e , N , and N become small and, possibly, 6 and 6 become 

A Z A. Z A. Z 

large, T decreases rapidly. Since n. is proportional to the residual gas pressure, great 
care has to be taken in the design of low-emittance SR in order to have low residual gas 
pressures (in the range of 10~ 9 Torr), large dynamic apertures, and the lowest possible 
values of 6 and Z.. 

Intrabeam scattering causes both a loss of particles (in longitudinal phase space) and 
a diffusion process in the six-dimensional phase space (see A. Piwinski, these Proceedings). 
Diffusion in competition with damping will lead to new equilibrium beam dimensions, and the 
emittance may blow up compared with the single-particle value. In its simplest form this 
was discovered quite some time ago in AdA, the first e e storage ring built at Frascati' 5 > l 6 J . 

The loss rate is determined by the equation 
dn, 
"dF = " a nb > (3°) 

where 

•7T \ i ^ 7 v ^ / • i'" 
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where n, is the number of particles in a bunch, e is the momentum acceptance, p„ = yo', 
and J(e ,pT) is a complicated function of e and p T. The angular brackets indicate the 
average over the ring. Given the lattice, a has to be computed numerically. Again note 
that when a , a , and a are small and the momentum spread a (determined by the dynamic 
acceptance) is also small, T„ = 1/a decreases very rapidly. 

At low energies the radiation damping time becomes long and diffusion processes start 
to blow up the beam. This tends to increase the lifetime but at the expense of emittance. 
As an example: lifetimes, emittance, and energy spread computed for the ESRF are shown in 
Fig. 10 as functions of the operating energy at a current of 4 mA per bunch. 

Intrabeam scattering sets a limit on the emittances and beam dimensions obtainable at 
low energies for a given current. At high energy it limits the current that can be stored 
in a bunch with acceptable lifetime. 
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Fig. 10 ESRF: Touschek (loss by single scattering) lifetime, 
emittance, and momentum spread versus operating energy 

6.3 Effects of wigglers and undulators 

Wigglers, and to a lesser extent undulators, besides providing the desired radiation 
beams also produce side effects that have to be considered. 

It can be shown17) that the end fields of a wiggler magnet produce a net focusing in 
the vertical plane. The fact that wigglers are usually located at places where 6 is low 
tends to diminish the effect on the lattice, but proper corrections have still to be pro
vided. More important are usually the effects on the momentum spread, the damping time, 
and the emittance. 
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The additional radiation produced in a wiggler magnet will tend to increase the 
quantum fluctuations and lower the damping time. Depending on the value of the dispersion 
function at the wiggler location (but be careful: the self-generated dispersion has to be 
taken into account!), one or the other effect will tend to dominate and the beam emittance 
may either increase or decrease. 

If the dispersion is zero (or small), a wiggler will actually decrease the beam 
emittance. As an example, the effect of a 72 m overall wiggler length on the emittance of 
the ESRF is given in Fig. lia as a function of the wiggler peak magnetic field. The lattice 
dispersion is zero and the emittance decreases up to the point where the dispersion generated 
by the wiggler itself takes over. 

Fig. 11 Effect in ESRF of wigglers on 
a) emittance (Eo is the unperturbed value), 
b) momentum spread . 

On the other hand, the momentum spread is always increased. Figure lib shows the 
behaviour of a for the ESRF, at various wiggler peak fields, as a function of the overall 
magnet length. This effect can become a problem when the momentum acceptance is limited 
by non-linearities. 

Undulators, having lower field and shorter periods, produce lesser effects. However, 
lifetime problems may arise when very small gaps are required11-' in order to obtain the 
desired field values. 
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Lastly, non-linearities in the wiggler/undulator fields may also be a problem; and, 
for machines designed to have very many of these devices, their effect has to be assessed 
in detail. 

6.4 Machine alignment 

The problem of keeping many lengths of beam lines precisely aligned over long periods 
of time and long distances is one of the main worries of the designer. Alignment tolerances 
and closed-orbit detection and correction require state-of-the-art techniques. Also, the 
stability of the ground in the presence of microseismic activity due to man-produced noise 
(such as traffic) and natural causes (wind, earthquakes, ocean waves) has to be carefully 
assessed. 

THE EUROPEAN SYNCHROTRON RADIATION FACILITY 

A European facility dedicated to the production of hard X-rays has been the subject of 
much study during the past five or six years. Feasibility studies were started as far 
back as 1979 under the auspices of the European Science Foundation 1 8). The latest work, 
funded by a number of European governments and hosted by CERN, was carried out by the 
E S R P 1 1 ) , and is assumed to provide enough information for construction to be started in 
the near future. Its main parameters are listed in Table 1, and a general view of the 
lattice is shown in Fig. 12. 

Fig. 12 A general view of the ESRF 
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Table 1 

ESRF 1984 (Lattice 27) 

Electron energy 5 GeV 

Electron current 100 mA (multibunch). 
Possibility to increase 
to 200-300 mA. 

Number of straight sections 
for insertion devices 30 
Circumference 770 m 

Critical wavelength: 
Bending magnets 0.9 x 10" 1 0 m 
Multipole wigglers From 0.5 to several 10" I 0 m 
Wavelength shifters From 0.5 to 0.2 x io - 1 0 m 

Minimum wavelength for the 
fundamental from undulators 0.86 x 10" 1 0 m 

Mode of operation Multibunch with a possibility 
of single-bunch operation 

Emittance z = ir x 7 x 10~3 rad-m 

Straight section length 6 m 

Full length for undulators 6 m 
g = 25.8 m 
a = 0.43 mm 
a' = 0.017 mrad 

Full length for multipole 
wigglers 3 m 

3 = 0.57 m 
a = 0.064 mm 
X a' = 0.113 mrad 

Great flexibility for replacement of an undulator by a 
multipole wiggler and vice versa. 

Maximum number of wigglers/ 
undulators 28-30 

Inj ector 5 GeV, 10 Hz synchrotron 

Pre-injector Microtron (e ) or linac (e ) 
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MEDICAL AND INDUSTRIAL ACCELERATORS 

D. Tronc 

Thomson CGR MeV - Buc 

1. INTRODUCTION 

During this two-week course you have been carefully studying the principles and tech
niques of acceleration and focalization of charged particles. I will now introduce you 
to the use of accelerators outside the field of pure physics, in particular for medical, 
biological and industrial applications. A descriptive approach scanning these domains of 
application would only leave you with some details emerging from a foggy picture. In place 
of such a "botanical" descriptive approach, I will try to give you some underlying unifying 
principles. They justify the design of the instruments and they do not change as the 
instruments themselves do. However, we will also spend some time to illustrate in depth 
compact linac and cyclotron designs. 

We will begin with a short review of the INTERACTIONS between accelerated charged par
ticles (or induced neutral particles) and atoms and then give some hints on the biochemical 
consequences of these interactions on a microscopic and on a macroscopic scale.The 
intensity of interaction is measured with the help of dose units and measurement techniques 
about which I will talk briefly: they quantify the size of the instruments to be used (§2). 

We can then justify the main characteristics of the instrumentation used in medicine 
and industry. Note that I avoid the use of the word "accelerator" as acceleration and fo
calization closely associated with it are only a part of the whole. 

The common feature to all the instrumentation used is the moderate energy level of the 
accelerated particles: from one MeV to several tens of MeV. This constrasts with GeV or 
TeV energies used for fundamental physics studies. Moderate intensities and related 
moderate radiation doses are enough for direct MEDICAL applications for RADIOTHERAPY. This 
corresponds to moderately priced compact units when X-rays and electrons are used. 
However, recent medical research points towards qualitative advantages linked with the use 
of protons or ions, or neutrons or even pions. However, cost problems then arise. There 
are also indirect medical applications when RADIO-ISOTOPES are used. I will illustrate 
these domains of application by the brief description of a linac for X-ray and electron 
therapy and of a compact cyclotron for neutron therapy and radio-isotope production (§3). 

High radiation doses and related high intensities of accelerated particles are neces
sary when one wants to sterilise large quantities of biological material rapidly. 
This explains why the INDUSTRIAL STERILISATION of food today and of waste tomorrow and 
other CHEMICAL applications are just being developed now. I am convinced that these 
domains will become of very great importance, much more so than all the other applications 
considered together (§4). 
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There are many specialised fields of application for accelerators. We will talk 
briefly of IMAGERY in industrial radiography (§5). 

2. INTERACTIONS BETWEEN PARTICLES AND ATOMS AND RELATED BIOCHEMICAL EFFECTS 

2.1 Physical Phenomena 

We can accelerate only electrically charged particles, but high-energy photons or hard 
X-rays as they are called by users as well as neutrons are also useful. We need to know 
the interactions between different types of particles and atoms. The atoms will pertain to 
either a conversion target such as tungsten or beryllium or to a final target such as water 
or biochemical compounds or polymers etc. 

We limit ourselves to low energy levels of less than about 30 MeV. Two presentations 
of the complex set of interactions are possible: either events seen from the atom or 
events classified for each type of particle or radiation. 

Fig. 1 presents events classified for four types of incident moving particles. The 
left part of the figure shows the electrically charged particles produced by accelerators: 
electrons which are produced cheaply, protons and ions which are produced at a higher cost 
for the same energies. The right part of the figure shows neutral radiations which can 
only be produced indirectly by target conversion. The arrows show the conversions used: 
from electrons to photons (X-rays) and from protons or ions to neutrons. Note that inverse 
transformations are possible and indeed are very important. For example, photons produce 
moving electrons by ionisation. However, these inverse conversions are localised in space 
(ionized electrons are usually stopped locally) and cannot be used by the designer who 
tries to obtain distributed secondary beams in a large volume from filiform primary accele
rated beams. 

In the same Fig. 1, the effects are listed under each heading. Important macroscopic 
applications are listed in parenthesis. The ejection of an electron from the periphery of 
an atom by moving particles is the most important quantitative effect. It is listed as 
IONIZATION for 3 of the 4 types of radiation. For photons it is linked to C0MPT0N absorp
tion and diffusion which concerns the photons themselves. Interactions with the nuclei are 
also very important for the qualitative transformations which can occur from one type of 
radiation to another type. The DIFFUSION by COULOMB forces is very important for elec
trons: their trajectories can be modified easily due to their low mass. This is accom
panied by photon production (BREMSSTRAHLUNG). This effect is used for the production of 
photons for diagnostic (at about 0.1 MeV) or for therapeutic (at about 10 MeV) purposes. 
The REACTIONS with the nuclei themselves create useful beams of high energy and 
radio-isotopes. 
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2.2 Ionisation and Related Biochemical Effects 

Let us now come back to ionization which is important in two respects: 

Quantitatively, ionisation occurs very often in dense matter which contains many more 
electrons than nuclei. This is the main cause for the energy losses of the incident parti
cles, and thus determines the penetration law inside matter. Fig. 2 shows the distribution 
of the dose linked with the penetration law inside water for (a) photons, (b) electrons, 
and (c) protons. The electronic density is roughly proportional to the mass density of 
matter. This means that the prenetration or range of charged particles as well as the 
relative attenuation of photons are not very dependent on the nature of the target if the 
thicknesses are expressed in g/cm ?. It also depends in a simple manner on the incident 
energy of the moving particles being roughly proportional in the range, useful to the 
designer, of 0.1 MeV to 50 MeV. 

However, it varies greatly with the radiation type. The photon dose decreases 
exponentially to half the maximum value at about 20 cm depth. They are easily produced by 
18 MeV electrons. This penetration curve is the most often used in radiotherapy. The 
electrons can be used directly and they are useful for superficial treatment when one wants 
to preserve vital underlying organs. Protons give very interesting distributions with 
Bragg peaks ensuring very steep attenuation near the limit of penetration but their 
energies must be very high. 

Qualitatively, ionisation modifies the chemical and biological properties of matter. 
The ejection of electrons from the outer shell of atoms increases their reactivity. They 
tend to refill this shell with nearby available electrons. This leads to chemical combina
tions with neighbouring atoms. 

Fig. 3 shows a short portion of the DNA double chain with possible hydrogenous weak 
links between them. In the case of living cells, the DNA is the critical target for two 
reasons: 

1) DNA is the living memory code which must be kept intact for cell duplication, 

2) It is a very large target in size, especially in higher living organisms. The sen
sitivity to radiation increases with size: a dose of 50 Grays is sufficient to ensure a 
complete sterilisation of a human cell (killing probability 10^) but a uniform dose of 
5,000 Grays may be necessary for a virus which possesses a much simpler DNA code. We see 
here the incidence on the price to pay depending on the sterilisation ends. 

The effects do not depend only on the dose amount or density of the ionizing elect
rons but also on the qualitative conditions. The ionization can be microscopically well 
distributed or concentrated along the trajectories of the high energy particles. Fig. 4 
shows macroscopic penetration and microscopic dose distribution in water for different 
types of radiation. Neutrons and heavy ions are characterised by concentration of 
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ionization along several trajectories. It happens that for the DNA double helix structure, 
such concentration ensures a local irreparable destruction. However, X-rays, electrons and 
even light ions are characterised by dilution of ionization. Then the destruction of DNA 
double helix at one point can be incomplete ("it can be left unbroken") and reparations can 
occur. Fig. 5 shows a mechanism proposed for the repair of DNA containing a single-strand 
break. It is not sufficient to increase the density of ionization to overcome the repara
tions. These repairs depend on the conditions in the vicinity, especially on the oxygen 
concentration (OXYGEN EFFECT). For example, the oxygen concentration is low for bad blood 
irrigation, a condition often encountered inside fast growing tumours, chemical reactivity 
is then lowered and DNA repairs are possible. There is an effect of radio-resistance to 
treatment. This excursion into the radiological field shows that more costly particles 
such as neutrons and ions can be of interest for medical curing purposes where uniform 
treatment inside large volumes is important. 

2.3 Dose Units and Measurements 

Whatever the nature of the radiation we need to evaluate quantitatively the final ef
fects described earlier in order to correctly dimension the instrumentation. Historically 
workers could not wait for a proper understanding of the complex phenomenon involved at the 
microscopic level. Units and methods of measurement evolved in parallel with the progress 
in comprehension. The approach was complicated by the ambiguity between beam properties 
and medium properties as one characterizes a beam by its effect on the medium. In fact the 
same measurement can be used to characterize either the beam or the target matter. 

Fig. 6 shows the principle of the measurement of ionization, the main effect consi
dered previously. A collimated beam induces ions in air in a given volume. The collection 
of these ions measures the EXPOSITION or number of electrical charges produced in a given 
mass of air. This rather particular characteristic of a beam has the advantage of being 
easily measured. It corresponds closely to the ionization effect, but many difficulties of 
evaluation occur when the medium is not air or when energies are higher than about a MeV. 
Exposition and its unit the Roentgen were defined in 1928. They have been replaced by a 
more general and stricter approach. The ABSORBED DOSE measured in Gray is the energy 
absorbed by a medium crossed by a beam. A Gray is defined as a Joule absorbed per kilo
gramme (it replaces the older rad : 1 GRAY = 100 Rad). Note that a direct measurement is 
difficult : 1 Gray has a sizeable biochemical effect but corresponds only to an increase in 
temperature of 1/4180 degrees Celsius. 5000 Gray will increase the temperature of matter 
by about 1 degree and suppress all forms of life including the most resistant virus. It 
means that sterilisation by ionization will be possible without inducing any other modifi
cations which temperature or chemical processes do. This is why one expects great develop
ments in the biotechnical fields: radiation is a powerful agent and we can expect large 
effects with low energy transfer and low energy consumption - even with the poor yields of 
today's accelerators. 

A special unit is needed to measure the biological effect of a given dose. We have 
seen how neutrons, for example, have more destructive effects on DNA than X-rays, as 
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repairs are not possible. This unit is called the SIEVERT. It corresponds to the biolo
gical effect of one Gray of evenly microscopically distributed radiation as X-rays or elec
trons. But for neutrons, for example, one Gray will correspond to about 2.5 Sievert (on 
average). 

Fig. 7 in its upper part shows the main parameters and related units which are used in 
dosimetry: exposition, physical and biological doses, activity. In the middle and lower 
part of the same figure are listed the related physical parameters as cross-sections, 
absorptions, fluence, half-life, together with important relationships. 

3. MEDICAL APPLICATIONS 

3.1 Electron and Photon Radiotherapy by Electron Accelerators. Compact Linac Design 
Example. 

The use of photons in medicine depends on their energies. When they are produced by 
electrons of 0.1 MeV they are strongly attenuated by the human body and their attenuation 
is dependent on the Z of the atoms (photoelectric effect predominates). This ensures good 
contrast for imaging. At high energies, between 1 MeV and 30 MeV the attenuation is low. 
This is the pre-requisite for uniformity of dose inside a target volume in treatment of 
tumours. 

These high photon energies were obtained with radium at the beginning of this cen
tury, with radioactive cobalt 60 after 1950, and with linear electron accelerators on a 
large scale after 1970. Cobalt 60 units and linacs coexist today. There are qualitative 
advantages for beams produced by linacs when electron energies are greater than 10 MeV. An 
upper limit of about 30 MeV corresponds to size and related cost limitation. 

Fig. 8 presents a typical linac delivering photons created by 20 MeV electrons and al
so electrons from 5 to 20 MeV, as seen by the user. Fig. 9 is a diagram showing the compo
nents of such an instrument. The primary electron beam is created from an electron gun 
(upper middle). The following accelerating waveguide insures the bunching and the accele
ration of the beam. It is often a standing-wave structure as length is limited. The elec
tron energy gain is usually about 10 MeV per metre which represents a good compromise be
tween costs linked to length, weight etc. and costs linked to RF power. The electron beam 
is focused by bending magnets (upper right). It converges on a conversion target for 
photon production or it is scanned when electrons are used directly. There is an equalisa
tion procedure followed by collimation. Then the electron filiform beam is then success
fully tranformed into a photon or electron, distributed-homogeneous-treatment beam deli
vered on the final target (lower right). The system is a closed-loop one: information 
on the beam is collected by captors (such as ionization chambers) and used to monitor the 
RF and other sources. All these components move around the patient. The beam axis must be 
kept near the rotation axis to ±0.5 mm. As the whole system weighs several tons, this cor
responds to stringent mechanical constraints. Fig. 9A shows a compact design which is much 
simpler and well adapted to lower energies. 
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We now illustrate the design of these components, following the electron beam from its 
creation and acceleration to its focalization, transformation and collimation. 

Fig. 10 shows two electron linac injectors including electron gun and RF accelerating 
cells. The main and upper part (a) shows the beginning of the LEP injector built at CERN. 
The lower part (b) shows the beginning of a new compact medical linac on the same scale. 
The simplicity of the latter is only apparent. 

In (a) we had no price or space constraints but the beam had to be intense, monoener-
getic and well bunched in phase. All means were used to this end: large gun, modulating RF 
cell (M) followed by a drift space before the first accelerating cells (A). An intense 
solenoidal magnetic focussing (B) insures proper beam radial confinement, at the cost of 
distance between gun and RF cells even with iron shielding (F). 

In (b) many components disappear: premodulation and associated drift space are not 
necessary for lower electronic intensities and solenoidal magnetic focusing is suppressed. 
Note that the first cell (Al) has a greater length than the corresponding cell in the first 
design (a): a compromise between longitudinal and radial dynamics insures autofocalization 
of the beam, this is the "secret" which gives originality and value to this seemingly tri
vial design. Simplification is the main goal of the instrument designer - it lowers the 
cost but more important it increases reliability and operational simplicity. 

Fig. 11 shows the trajectories of the electrons delivered by the preceding gun: 
cathode radius is 4 mm, crossover radius of the beam is about 0.2 mm. These small dimen
sions decrease the radial effects. 

Fig. 12 illustrates the realisation of accelerating cells for a standing-wave, 3 GHz, 
electron linac. The rather complicated copper geometry corresponds to compromises between 
many different constraints. The noses near the symmetry axis insure a better interaction 
between moving electrons and the RF electrical accelerating field, without a too large peak 
field on the copper surface. Power tests have shown that more than 150 MV/m can be reached 
before sparking, for pulses several microsecond long, under the working conditions of these 
medical linac cells. Farther from the axis, coupling slots insure a proper coupling factor 
as a compromise between field equalization and quality factor. The diameter must be 
precisely machined and local adjustments are provided. Brazing insures good RF contacts 
with compression and prealignment insured by steel bars corresponding to the four holes. 
The complex external shapes insure proper cooling by brazed tubes and void canals inside 
the steel jacket which contains the assembled structure. 

Fig. 13 shows the accelerating medical linac structure made by assembling the preced
ing copper cells. The coupling to the rectangular RF power alimentation waveguide can be 
seen at the left. 

At the end of acceleration the beam is made of a succession of electron buckets of 
several mm diameter. It must then be transformed into a distributed large conical beam of 
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rectangular cross section. It is also important to know the distribution in time as 
effects could depend on the instantaneous dose and not only on the average dose. 

Fig. 14 shows in (a) the accelerator working time of several microseconds spaced by 
milliseconds, in (b) the RF oscillations, and in (c) the corresponding accelerated electron 
buckets. Note (in lower part of the figure) that the instantaneous current value is about 
10^ times the average current value. This accelerated beam must now be converted for medi
cal use in a rotating distributed beam around the patient. Due to architectural con
straints, it must be bent by 90° and then focused on the target. 

Fig. 15 shows (a) the simplest approach to bending the beam by a single 90° magnet, 
(b) how to overcome the defocusing due to energy spread using a 270° single bending mag
net. However this is not sufficient to insure a stable treatment beam with reference not 
only to the position on the target but also to the direction of the incident beam. Diagram 
(c) presents a more elaborate three magnet system which stabilizes the direction as well as 
the position on the target. The cost paid for this achievement is the relative complexity 
and saturation problems which limit the magnetic field. Diagram (d) presents a new solu
tion with the same optical quality, but using only one magnetic pole. It allows a wider 
energy band due to the circular faces used when trajectories diverge. 

Fig. 16 shows a realisation of the three pole magnet system. The saturation problems 
are linked to the pole heights. These are equal to the thickness of the red windings. 

Fig. 17 shows such a magnet implemented on the upper therapy head part in relation to 
the exit accelerating structure (1), the correction quadrupoles (2), the energy control 
slot (4), and the target (7) which emits photons preferentially forward. The scale at the 
bottom right indicates how compact this design is. 

Fig. 18 shows such a magnet component implemented on a therapy head part unit. From 
the front to the rear one sees protective lead against stray radiation, copper beam cham
ber, green iron poles and yokes, and red windings. On the beam line input one can see cor
rection quadrupoles and dipoles. The target copper piece and the upper parts of sweeping 
magnets are seen in the centre and lower part. This illustrates how the different compo
nents are to be put together in a very restricted space. 

Fig. 19 is a cut-away view of the bottom treatment head. Target (2) is in tungsten 
embedded in copper for proper cooling. Its thickness insures the primary electron beam ab
sorption and a prefiltration of the produced photon beam. For electronotherapy it is 
removed. As direct use of the same electron beam would produce 100 times the photon dose 
rate it must then be strongly reduced - with perfect fail-safe security. Sweeping magnets 
(3) are used for electronotherapy. these can be replaced by a simple diffusion foil when 
electron energies are not too high. (4) is a precollimator, the moving collimation system 
being shown in (7). The photon beam must be equalized as there are more photons emitted by 
the target on the axis than on the sides. The absorber (5) corrects this effect. The most 
important point remains to be done: to control and to monitor the treatment beam and this 
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is done with the help of ionization chambers captors (6). The additional bottom collimator 
jaws (8) are to be used for electron beams to alleviate the larger penombra linked to elec
trons diffusion. 

Fig. 20 shows the treatment head seen from below with moving collimator parts in the 
centre (there are more than two moving pairs to limit the penumbra) and fixed circular 
collimator at the rear. The metallic crossing wires at the front allow proper centring 
with light simulation, when a light source replaces the target object source. 

Fig. 21 is a cross-sectional map of the dose repartition obtained in water for photon 
beams of high energy. 

Fig. 22 shows a similar map for electrons. Underlying vital organs can be spared. 
Fig. 23 shows a treatment plan made by superposition of such beam maps to alleviate for the 
attenuation effects and other sources of inhomogeneous dose distribution. 

I have shown a standard treatment unit in some detail to illustrate the practical pro
blems that the designing engineer encounters: how to simplify the design in order to gain 
on cost and on reliability, how to compromise on conflicting constraints and how to imple
ment in limited spaces the necessary hardware. 

3.2 Proton and Neutron Radiotherapy and Radioisotopes Production by 
Ions Accelerators. Compact Cyclotron Design Example. 

Protons and neutrons can also be used in radiotherapy. Neutrons were used as soon as 
cyclotrons were available because the brother of the cyclotron's inventor, LAWRENCE, was a 
doctor. The results were disastrous due to the fact that the biological neutron effects 
were underestimated (we know now that one Gray neutron dose corresponds approximately to 
2.5 Sieverts biological effect). When a careful review of these bad results attributed 
this to dosimetry, trials were resumed in England and are now extended in several centres 
in the world. High energy neutrons are used as they must ensure an acceptable macroscopic 
distribution if one wants to take advantage of their biological peculiarities (absence of 
oxygen effect?). Conversion of protons or deuterons accelerated by a cyclotron to about 
twice the mean energy of the neutrons to be produced are sent onto a beryllium target. A 
nuclear reaction gives neutrons, which must then be collimated. 

Fig. 24 shows the penetrations for high energy neutrons and CC>6o X-rays. One sees 
that very high energies must be used. 

As neutrons are mainly subject to diffusion by a nucleus, they can follow curved paths 
and all air spacings must be avoided between source and utilisation. The protection prob
lems are also complex. Four goals must be attained: 

(1) Outside the useful beam, neutrons must lose their energy ("be thermalised"). This can 
be done with a material such as iron. 
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(2) The remaining low energy neutrons must be absorbed as they are biologically very 

active. This can be done with the help of hydrogenous material. Neutrons are slowed 

down by energy equipartitions as neutrons and protons (hydrogen) are of the same 

mass. Final absorption can be increased with high cross-section material as boron. 

In practice one uses concrete or plastic. 

(3) Slowing down and absorption of neutrons is accompanied by unwanted reactions such as 

the creation of photons of about 8 MV in iron. There is a problem of absorbing these 

parasitic photons. 

(4) Several nuclear reactions give birth to unstable isotopes and there is a delayed 

radioactivity problem which is possibly the most difficult to handle. 

Fig. 26 shows a rotating neutronotherapy head which represents the present development 

status. Its large size, which cannot be fully appreciated on this figure, is due to the 

protection problems previously mentioned as well as the difficulty to bend the protons or 

deuterons used for neutron production. 

Fig. 27 shows the mechanical simulation of the weight stress and Fig. 28 shows the 

monolithic collimator blocks. 

Neutronotherapy but more often radioisotope production calls for compact cyclotrons 

devoted to medical applcations. In the case of radioisotope production the energies depend 

on the reactions used for their production. The useful reactions are not too numerous as 

they are made mainly with H,C,0,N,Ca with some traces of other elements. The useful energy 

range extends from about 10 MeV to 50 MeV. The following figures illustrate compact cyclo

tron designs. 

Fig. 29 is a median plane view of a variable energy isochronous general purpose cyclo

tron. Fig. 30 presents the CNRS cyclotron of Orleans. Fig. 31 shows one removable sec

tor. The box corresponds to the lower part of the RF cavity. Fig. 32 is a compact low 

energy cyclotron designed by CGR and produced by Sumitomo. Fig. 33 is the pole view of 

this compact cyclotron. It illustrates the focalisation by successive high and low field 

regions (narrow gap or large gap regions) crossed by the beam at a given angle, this angle 

defines the spirals of the iron pieces. Fig. 34 presents the pole piece of a larger iso

chronous cyclotron with circular coils covering the iron pieces. These coils are necessary 

to change the radial field law to accelerate different ions. Fig. 35 presents a tradi

tional implantation with proper protective walls. Fig. 36 is the beam transport system 

used at Liège. 

4. BIOLOGICAL STERILISATION APPLICATIONS 

As said earlier, this field is the main development prospect for future years. Until 

now sterilisation was applied to relatively high priced elements such as medical syringes 

for example. Biological processing will follow. Fig. 39 shows a project for an 
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all-purpose electron-beam treatment plant. Fig. 38 presents the accelerator itself, which 
is a low frequency cavity with high energy storage. Fig. 37 is an earlier realisation for 
the treatment head. 

5. INDUSTRIAL APPLICATIONS EXEMPLIFIED BY RADIOGRAPHY 

One important utilisation of electron beams in the range of 1 MeV to 50 MeV is radio
graphy. It is a way of detecting defects in thick steel plates (shipbuilding industries 
for example) or of following the evolution of explosive phenomena (military applications). 
The primary electron beam is focused on a target for photon conversion. Sometimes the tar
get is the metallic component under control itself. It is a transmission photographic pro
cess where the accelerator is equivalent to the flash bulb. The element to be controlled 
is placed between the source of photons (point object as little as possible to increase 
sharpness of image) and photographic plate. A hole or crack defect is readily detected by 
a local overexposure on the plate. When short exposures are needed to see transient pheno
mena the beam intensity must be as high as the RF energy to be stacked. This leads to a 
rather low frequency and large RF cells. 

Fig. 40 shows the thickness of half-absorption in steel as a function of the energy of 
the primary electron beam. One sees that it does not change much with energy (from 2 cm at 
2 MeV to less than 4 cm at the highest energies near 50 MeV). This is due to the creation 
of pairs by photons at high energy. Fig. 41 shows a cut-away view of a compact S-band 
radiography accelerator. 

6. CONCLUSION 

We presented the underlying physical reasons for the choice of the parameters which 
define the accelerating techniques used. Medical applications, as they have matured until 
now were then presented together with illustrations of the most sensitive points (electron 
injection, magnetic bending and focalization, transformation from a filiform beam to a 
homogenous distributed beam). It was not possible to give the proper importance to the 
biological-sterilisation field and I only hinted at other applications such as radio
graphy. The present day situation is illustrated by Fig. 42 giving the number of radio
therapy units used in the world and more specifically inside the USA. Fig. 43 is a sche
matic comparison of different types of radiation of interest in radiotherapy. LET is the 
linear energy transfer or a measure of the microscopical concentration of ionisation. 
Fig. 44 stresses the variety of the possible applications of accelerators. 

In conclusion, we stress the following points: 

(1) Accelerating techniques must be forgotten by the user. It is only a part of the 
instrumentation which must be simplified for reliability. 

(2) One needs to be conversant with other fields of knowledge such as radiochemistry 
and radiobiology, dosimetry, imaging techniques etc. to understand properly the needs to be 
filled. 
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(3) One must forget the present-day situation to prepare for the future: shift from 
medical applications requiring low power to biological applications requiring much higher 
power (food sterilisation tomorrow, waste and water sterilisation further in the future). 

(4) This immersion of accelerator techniques inside a broader context must not lead 
one to think that all acceleration problems are solved. Much work remains to be done, such 
as increasing beam power (10 kW to 1 MW for electrons at less than 10 MeV) with a higher 
ratio of accelerated beam power to electrical 50 Hz power. 
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ELECTRONS: 

•ionisation 
(biochemical effects) 
•diffusion by Coulomb forces 
with bremsstrahlung 
(X-ray production) 

PHOTONS: 

•photoelectric effect 
(contrast for imaging) 
•Compton absorption and diffusion 
with ionisation 
(biochemical effects and 
incidence on protections) 

•production of pairs and triplets 

PROTONS and IONS: 

•ionisation 
(biochemical effects) 
•diffusion by Coulomb forces 
•nuclear reactions 
(production of neutrons and radioéléments) 

NEUTRONS: 

•diffusion by elastic collisions 
•nuclear reactions 
(indirect biochemical effects and 
production of radioisotopes) 

Fig. 1 Interactions between particles and atoms with related biochemical effects 

5 10 15 20 25 
Profondeur dans l'eau ( c m ) 

Fig. 2 Relative dose distributions in water 
(a) photons produced by 18 MeV electrons; (b) 17 MeV electrons; (c) 187 MeV protons 
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m o n o c a t é n a i r e s 

3 DNA double chain short portion with possible hydrogenous weak l inks (from J . 
GOUSSARD, Bases biologiques du fractionnement des doses en radiothérapie, Société 
des Physiciens des Hôpitaux d'expression Française, 1976) 
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4 Schematic representation of the interaction of radiation with matter such as tissue 
(from RAJU, see selected bibliography) 
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Mechanism proposed f o r the repair of D N A 
contain ing a single-strand break induced by 
x rays o r y rays, with various end-groups at the 
break 

(Richardson, I t * * ; Town, Smith & Kaplan, 1972; Bopp, 
Carpy, Burkart & Hagen, 1973) 

x Rays ^ 
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3'-exonucleasp L p 
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5'-exonuclease 

DNA polymerase 

V dNMP-f o 

r 4dNTP 

S PP, 

Ligase 
s~ N A D 

^ N M N + AMP 

This mechanism i» based on studies with purified enzyme». (For abbreviations, tea 
below flf. I) 
a: intact DNA duplex in a cell 
b: an x-irradiated duplex containing a single-strand break. Various chain end-groups 

are produced by « ray* of which only a fraction at the 3 - O H end S'-P ends can 
be joined directly by ligue 
3' end-groups (o), other than 3 - O H , are removed by a 3-exonuclease 
5' end-groups ( u ). other than S'-P and nucleotide monophosphates (dNMP). 
are removed and all lour deoxyriboae nucleoside triphosphates (+dNTP) are 
inserted by • S'-exonucleese and DNA polymerase 
the strands are joined by polynucleotide ligafe to complete the repair 

ct 
d: 

Fig. 5 Mechanism proposed for the repair of DNA containing a single-strand break (GOUSSARD 
J., op. cit.) 
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Ci'v «••: 

OJ'V 

Fig. 6 Ionisation measurements (from JOHNS, see selected bibliography) 

Dosimetry parameters: 

dq (EXPOSITION X = -r- in Roentgen) 

dw DOSE D = ̂  in Gray: 1 Gy = 1 J/kg. (1 Gy = 100 Rad) 

dN 
ACTIVITY A = J Y in Becquerel: 1 desintegration/sec. (3.7 1 0 1 0 Bq = 1 Curie) 

GAMMA = X/A 

Physical parameters: 

CROSS-SECTIONS of absorpt ion or diffusion for photons or neutrons in BARNS (10 ^ cm^ 

ABSORPTIONS - in full or in energies in g/cm2 

dN 
FLUENCES F = -^ and FLUENCES RATES f = F/t 

HALF-LIFE T of a radioactive isotope 

[~Ha in relations: 

Between DOSE in a medium, m, and EXPOSITION in air, a: D = 0.869*10"2*X *S 
m a m.a 

•energy / ( energy m,a p 'medium ' l p 'air 

Between ACTIVITY, HALF-LIFE, number N of radioactive atoms: A/N = 0.693/T 

Between GAMMA, photon energy and "energy GAMMA = 19.5 h v * — energy 

Fig. 7 Dosimetry and physical parameters, units and relationships 
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Fig. 8 Radiotherapy linac in situ (CGR Saturne) 

THERAC 20-SATURNE 

Fig. 9 Radiotherapy linac components diagram 
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8 accélérateur 
9 guide d'arrivée de l'énergie HF 

10 cible 
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12 support de la partie mobile 
13 écran égahsateur 
14 partie tournante 
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17 dispositif de télémètre optique 
18 gnlte de télémètre projetée à I isocentre 
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(b) t ê t e d'irradiation 

Fig. 9a Radiotherapy low energy linac components diagram (LEBOUTET H., 
linéaires à électrons, 3.Accélérateurs dans l'industrie et la 
Techniques de l'Ingénieur E 4510) 
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medicine, in 

a) 
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b) 
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o » 1 3 * S 
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Fig. 10 Electron injectors, (a) CERN LEP injector for positron production, (b) CGR ORION 
radiotherapy linac injector 
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INJECTEUR 4 ME'.' NG 0^ 
ECHELLE = 20.C ITERATION NO. 8 

G. TRONC CGRME7 .? , ' 06 /80 
PERVEflNCE = .3199 

•fm 
Fig. 11 Injector gun used in a compact S-band linac. Cathode radius of 4 mm. 

Fig. 12 Triperiodic standing-wave S-band accelerating cells (CGR) 
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Fig. 13 Triperiodic 10 Mev S-band accelerating structure 
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Fig. 14 Diagrams of the character is t ic e lec t r i ca l parameters of a l inac 



- 605 

a) c) 

b) 

Fig. 15 Bending optics used in radiotherapy heads 

Fig. 16 3-poles LEBOUTET-AUCOUTURIER bending magnet realization 
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Fig. 17 Diagram of implantation of the focalization and bending elements in the upper part 
of a radiotherapy head 

w^fc 

& 

Fig. 18 Upper part of a radiotherapy head realization (CGR Saturne) 
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/champ géométriqu 

Fig. 19 Diagram of implantation of the components in the lower part of a radiotherapy head 

"*î f* 

Fig. 20 Lower part of a radiotherapy head seen from below (CGR Saturne) 



Fig. 21 Photon distribution map in water 
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Fig. 22 Electron distribution maps in water 
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MeV 

Fig. 23 Treatment planning optimization for three converging beams (this case is highly 
idealized) 

to 

E 
<u 

100 

90 

80 

70 

60 

50 

30 

20 

A 

" s ç ^ 
X %0\ 

X ^ N 

^ 

^ 
(ÛA. 

^ X I 

10 15 20 
Profondeur 

cm 

Fig. 24 Dose penetration for neutrons compared with Co 60 photons (only high energy 
neutrons can be used for therapy) 
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Fig. 26 Neutronotherapy head realization (CGR) 
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Fig. 27 Computer simulation of the mechanical stress 
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Fig. 28 Fixed field collimators in wood (a simple way to use hydrogenous material for 
neutron cooling and absorption) 
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Fig. 29 Variable energy isochronous cyclotron middle plane view 
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Fig. 30 Cyclotron general view (CNRS Orleans cyclotron built by Thomson CGR) 
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Fig. 31 Lower part of the RF resonator with one dee component 
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Fig. 32 Compact cyclotron for radionuclides production (Thomson CGR-Sumitomo) 

Fig. 33 Median plane strong focalization realization 
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Fig. 34 Cyclotron pole with circular coils for radial field control 

Fig. 35 Schematic implantation with protective walls 
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Fig. 36 Beam transport lines (Liège CGR) 

Fig. 37 Industrial sterilization treatment head 
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Fig. 38 Electron beam treatment plant project (20 kW - 5 MeV electron beam) 

R.T.I. 

ELECTRON-BEAM 
TREATMENT PLANT 

Fig. 39 Electron accelerator for biological sterilization (20 kW - 5 MeV, Cassitron 
Thomson-CGR) 
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Fig. 40 Steel thickness e of half-absorption for photons produced by electrons of variable 
energy W (LEBOUTET H., op. cit.) 

1 accélérateur 
2 lentille magnétique 
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3 cible de conversion 

élect rons-photons 
4 coll imateur en plomb, 

réduisant les rayonnements 
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cône utile 

Fig. 41 Gammagraphy accelerator head cut-away view (LEBOUTET H., op. cit.) 
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TABLE I I 

Number of Radiotherapy Machines Repor ted by the IAEA 

USA WORLD 

1968 Cobalt 60 
Van de Graaff 
Betatron 
Linac 

541 (89%) 
13 ( 2%) 
23 ( 4%) 
33 ( 5%) 

1676 (88%) 
20 ( 1%) 

137 ( 7%) 
79 ( 4%) 

1976 Cobalt 60 
Van de Graaff 
Betatron 
Linac 

790 (78%) 
18 ( 2%) 
44 { 4%) 

161 (16%) 

2365 (80*) 
24 ( 1%) 

219 ( 7%) 
336 (11%) 

TABLE I I I 

The Number of Radiotherapy Units in 

Accelerators 

the United States 

Date Cobalt-60 
Linac 

to 10 MeV 
Linac 

>10 MeV Betatron 
Number of 
F a c i l i t i e s 

1974 970 
(70%) 

312 
(23%) 

51 
(4%) 

44 
(3%) 

1047 

1977 900 
(60%) 

442 
(29%) 

119 
(8%) 

45 
(3%) 

1093 

1980 820 
(51%) 

545 
(34%) 

217 
(13%) 

39 
(2%) 

1083 

1982 554 
(44%) 

483 
(38%) 

201 
(16%) 

32 
(3%) 

724 

42 Number of radiotheray machines of different types in USA and the world (DUGGAN J., 
Industrial and medical applications of accelerators with energies less than 
20 Mev, IEEE Trans, on Nuclear Science, vol. NS30 no. 4, August 1983, 3039) 
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43 Schematic comparison of different types of radiation of interest in radiotherapy 
(RAJU M., op. cit.) 
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TABLE I 
7th Conference on the Application of 
Accelerators in Research and Industry 

Sessions 
Atomic Physics and Related Phenomena I, II, III 
Nuclear Physics I, II 
Charged-Particle Microprobes I, II 
Detectors and Spectrometers 
Accelerator Technology I, II, III, IV 
Accelerator Targetry 
Trace Element Analysis 
Selected Topics I, II, III 
In-Si tu Ion Beams 
Atomic Physics: Theory 
Synchrotron Light Source Experiments 
Radiation Interaction with Fast Ion Beams 
Material Analysis I, II 
Computed Tomography 
Radiation Processing 
Activation Analysis & Bulk Analysis 
Ion Implantation: Semiconductors; Metallurgical 
Applications 

Geosciences S Mineral Exploration 
Radiological Safety Aspects of Accelerators 
CTR & Related Phenomena I, II 
Radiation Therapy 

Fig. 44 7th Conference on the application of accelerators in Research and Industry 
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RECEMT EXCITING RESULTS IN PARTICLE PHYSICS 

Gianni Conforto 
CERN, Geneva, Switzerland 
and 
INFN, Firenze, Italy 

With all my heart, I'll gossip at this feast. 
W. Shakespeare, The Comedy of Errors 

Act V, Scene I. 

1. INTRODUCTION 

The title of this talk, as it was originally proposed to me, was "Recent 
exciting discoveries". It still reads like this in the programme, by the way. I was 
puzzled, at first : "What on Earth had I been asked to talk about ?" As my mind 
wandered trying to somehow define the subject, a number of points occurred to me. For 
example; the discovery of a mistake in their bank account (especially if it is not in 
their favour) is clearly something people get very excited about. But, I thought, 
this is not the sort of thing you want to hear about to-night. So, I felt rather 
safe in assuming that I had to limit myself to particle physics. 

The second question that came to my mind was : "How long do discoveries remain 
exciting ?" The concept of discovery implies that some facts have been proven beyond 
any shadow of doubt. Thus, true discoveries are really exciting only at the time 
they are made and, in a fast moving subject like particle physics, yesterday's 
discoveries are in fact to-day's background. 

In an attempt to keep the requested excitment alive, I have taken the liberty to 
replace in the title "discoveries" with "results". The implication is, of course, 
that results, contrary to discoveries, can still turn out to be wrong. 

Then, I had to face the question :" How recent is recent ?" I have chosen to 
answer it by limiting myself to those results which so far have not yet been (widely) 
popularised through newspapers, films, TV shows, T-shirts and other similar channels 
of scientific information . 

It is a very positive sign for the health of particle physics that, even within 
these newly defined boundaries, the material to be covered turns out to be far too 
much for one lecture. Fortunately, one of the saving graces of giving a talk like 
this is the licence to choose. I will therefore present what in the end is a 
personal selection of "Recent exciting results in particle physics". 
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t charge = + 2/3 
b charge = - 1/3 

T charge = 0 
T charge = -1. 

2. MASSIVE NEUTRINOS 

In our present understanding of elementary particles, the fundamental 
constituents of matter are the six quarks 

u c 
d s 

and the six leptons 
v v 
e u 
e u 

Each quark comes in three colours. Leptons are instead colour singlets. 

There is no a priori reason to believe neutrinos to be massless. Indeed, 
indications that neutrinos have a small but non-vanishing mass come from three 
different sources. 

2.1 The ITEP Experiment1* 

Information on the v mass is obtained from a very accurate determination of e 
the end point of the electron energy spectrum in the reaction 

H 9 -» He 3 + e~ + v . e 
Fig. 1 shows the difference between the measured and calculated (for m(v ) = 0) 

e 
electron kinetic energy spectra. From the large deviation observed, the result 

20 < m <v ) < 45 eV e 
is deduced. This result depends on the accuracy of calculations, which take into 
account the fact that the decaying H is embedded in a rather complex molecule. 
Disregarding this correction, the model-independent result is 

m(v ) > 9 eV e 
with a 90% confidence level. 

2.2 CosmoloRV 

A summary of the information on the neutrino mass obtained from cosmological 
a) arguments is shown in Fig. 2 in which the Hubble parameter H is plotted o 

versus the energy density ft. The Hubble parameter is the rate at which the apparent 
velocity of recession of galaxies increases with increasing distance and is known to be 
of the order of 50-100 km s Mpc The energy density is normalized such that 
the two regions ft < 1 and ft > 1 correspond to an "open" (ever expanding) and 
"closed" universe respectively. The two families of curves represent two physical 
relations between H and ft one drawn for several values of the sum of all neutrino o 
masses m assuming neutrinos and baryons to be the only stable and massive particles 
in the universe, the other for several values of the age of the universe t . 

u 
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The difference between the measured and calculated (for m(v e) = 0) 
electron kinetic energy spectra from the ITEP experiment on tritium beta 
decay1-'. The units of the vertical scale are standard deviations. The 
curve represents the best fit to the data. 
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On a plot of the Hubble parameter H 0 versus the energy density Q, two 
families of curves are drawn. They represent two physical relations between 
H 0 and il, one for several values of the sum of all neutrino masses m v 

assuming neutrinos and baryons to be the only massive stable particles in the 
universe, the other for several values of the age of the universe t u. 
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The ratio between the numbers of neutrinos and baryons in the universe is known 

to be of the order of 10 (see Ref. 3) and therefore neutrinos are the dominant 

component in the energy density of the universe if their mass exceeds a few eV. Since 

the age of the universe lays most probably between 12 and 16 Gyr, it follows that 

m < 25 Ev. 
v ~ 

In order to obtain lower limits, further hypotheses must be introduced. If 

neutrinos are assumed to be massive enough to serve as the "dark matter" in the 

clusters of galaxies or to be responsible for the formation of large-scale structure, 

the limits m > 3 eV and m > 10 eV can be obtained (dotted and hatched regions in 
v v ° 

Fig. 2). 

There are reasons to believe that in our universe Q = 1 ("inflationary 

universe"). If this is so, it follows that m ~ 25 eV. Conversely, a determin

ation m ~ 25 eV from non-cosmological information supports the inflationary 

universe picture. 

2.3 Prompt neutrino experiments. 

If neutrinos are massive, the weak eigenstates 

a e* v -t' 

are, in the general case, linear combinations of the mass eigenstates 

v v v v ••• 
4) 

This leads to the possibility of neutrino oscillations . In the simplifying case 

in which oscillations are assumed to occur only between two neutrino species, the 

probability of an initial v of energy E being equal to a v„ at a distance L is 4' 5 . 
a p 

P(v -» v„) = sin2(2a) sin* (1.27 i in 2 I ;) , (1) 
a p E 

where: a is the "mixing angle", 

Am2 = m 2(v ) - m2(\> ) in eV , 
1 2 

L in km, 

E in GeV. 

An experimental upper limit in P (v -» v„> excludes a region in the plane 
a 2 

sin (2a), Am which is not limited at large Am . The present experimental 

situation* is depicted in Fig. 3. It follows from formula (1) that in an oscillation 

experiment maximum sensitivity is obtained for Am x L/E = 1 eï km/GeV. 

The tritium beta decay experiment Indicates m (\> ) ~ 30 eV and a result of about 

the same magnitude for the sum of all neutrino masses is obtained from the information 

of cosmological origin. It is thus clear that the mass difference region around 

10-30 eV is of the highest interest. 
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Fig. 3 Present limits (90% confidence level) on neutrino oscillations. Regions to 
the right of the curves are excluded. 

To effectively study the range ûm 2 = 100-1000 eV , experiments must have values 

of L/E in the range 1-10 m/GeV which are only obtainable at the highest energy proton 

accelerators. 

The experiments5'7 are performed by making the high energy proton beam 

from an accelerator interact in a target, the "dump", several interaction lengths 

thick. Copiously produced long-lived pions and kaons are mostly reabsorbed in the 

dump, thus largely reducing the yield of ordinary neutrinos from their decays. This 

allows the detectors, placed downstream of a muon filter, to be sensitive to the much 

weaker source of "prompt" neutrinos produced in the (semi)-leptonic decays of 

short-lived particles. Prompt neutrino rates are obtained either by "subtraction" of 

the calculated non-prompt component or by "extrapolation to infinite density" of the 

event rates measured at various dump densities. 

All experimental observations indicate that prompt neutrinos originate from the 

production and subsequent semileptonic decays of charmed particles. Thus, electron-

muon universality requires the prompt electron- to muon-neutrino (and antineutrino) 

flux ratio, u + v /u + Z or in short v /v , to be unity independently of the 
' e e u u e u 

charmed particles production mechanism. 

Several measurements of « /« exist in the literature ~ and more recent 
e u 1 4 l s ) 

results have been reported in the last Summer Conferences ' . Table 1 contains a 

summary of these results. 
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Table 1 

Experimental determinations of the electron- to muon-neutrino flux ratio 
u e/\) u. L is the distance between the dump and the detector. When two 
errors are quoted the first is statistical, the second systematic. 

Experiment Reference L (m) v /v e y 

CDHS 1977 8) 890 0.6 ± 0.2 

BEBC 1979 9) 820 0.59 + ° - 3 5 

-O . 21 
CDHS 1979 11) 890 . ,. + 0 . 2 2 0.64 - O . IS 

CHARM 1979 10) 910 0.48 ± 0.12 + 0.10 

BEBC 1982 14) 400 1.70 + ° - 6 9 

-O . 45 
CDHS 1983 15) 470 0.88 ± 0.13 ± 0.11 

CHARM 1982 12) 490 0.59 ± 0.11 ± 0.08 

FFMOW 1981-1982 13) 56 0.95 ± 0.12 ± 0.08 

The hypothesis v /v = 1, assuming Gaussian errors and combining quadratically e u 
statistical and systematic errors, yields a confidence level C.L. = 1.5 x 10 

Of course, it is perfectly legitimate to ascribe all deviations of v /v from 
unity to some hidden systematic effects and wait for better measurements to clarify 
the situation. However, it is equally legitimate to investigate whether the 
presently available information indicates the existence of a new phenomenon. 

At a closer inspection, the data show the remarkable regularity that while all 
measurements performed at similar values of L are in quite reasonable agreement, 
different determinations of v /v are obtained for the various values of L. This is 

e u 
borne out by the results of Table 2. 

A variation of v /v with L is very suggestive of an oscillatory phenomenon. 
Since in this case the relevant parameter is L/E (see Equ. (1)), only the u /v data 
from Refs. 12 [CHARM], 13 [FFMOW] and 16 [CDHS] available as a function of E have 
been used to investigate further this possibility. 

The limits on muon-neutrino induced oscillations shown in Fig. 3 are very tight. 
This justifies the simplifying assumption that the muon-neutrino is stable and that 
all deviations of v /\> from unity are due to the electron-neutrino oscillating into e y 
a third kind of neutrino, v . It then follows from formula (1) that the electron - to 

x 
muon-neutrino flux ratio is given by 

with 

2 2 v /v = 1 - s m (2a)sin B e u 

P = 1.2/ I ta x L/E . 

(2) 

<3> 



- 626 -

A fit of Eq. (2) to the data of Refs. 12, 13, and 16 yields the result 

Am2 = (364 + 33) eV 1 

sin2(2a) = 0.52 ± 0.10 

with a confidence level of 85%. The existing data on v /u as well as the result of 
e u 

the fit (solid line) are displayed in Fig. 4. 

Table 2 

Determinations of the electron- to muon-neutrino flux ratio v e/v u for 
various values of the dump-detector distance L. These results are ob
tained by weighted-averaging those of Table 1 at similar values of L. 
Statistical and systematic errors have been combined in quadrature. 
C.L. is the x 3 confidence level. 

Experiment L(m) v e / v u C.L. (%) 

CERN 1977-1979 
CERN 1982 
FFMOW 1981-1982 

820-910 
400-490 

56 

0.57 ± 0.09 
0.76 + 0.10 
0.95 ± 0.14 

90 
4.3 

A FFMOW 

O MM 
X CHARM 
• BEBC 12 <£> -S06cV 
• CEM -77-78 <E>»l0 6t» 

L/E (a/SiV) 

Fig. Existing determinations of u e / « u as a function of L/E. The black 
points have not been used as input data. Horizontal bars indicate the L/E 
interval relevant to each value of v e / v u . The solid line represents 
the result of the fit. 
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Only statistical errors have been considered, since presumably systematic 
errors, by affecting equally all results of the same experiment, do not change the 
shape of the curve. Although some systematic effects seem to be present (e.g. the 
CHARM points are always lower than those of CDHS) the general consistency of the 
results within the statistical error bars is quite good as indicated also by the 
confidence level of the fit. 

Two data points above L/E ~ 12 m/GeV (20 < E < 40 GeV), one from CDHS and the 
v 

other from CHARM, have been discarded to avoid the possibility of any systematic 
effect arising from the existence of v -» v oscillations17 . The v /v values of 

e x e u 
BEBC 1982 and CERN 197 7-1979 (see Table 2) are averaged over the whole energy range 
covered by the experiment and therefore have not been used as input data. They are 
plotted in Fig. 2 in black and with no horizontal bars at values of L/E corresponding 
to the average event energy. They are in excellent agreement with the result of the 
fit. 

Limits on the probability of an electron-neutrino turning into another type of 
neutrino are obviously relevant to this analysis. 

The most stringent result of this type ' is the one from an experiment at the 
Goesgen nuclear reactor shown in Fig. 3. For large Am the experimental limit is 

2 
sin (2a) i 0.16 at the 90% confidence level. If, in order to take this result into 
account, the term 

sin2(2a) = 0.00 ± 0.12 

is added to the x , the fit yields the results 

Am2 = (362 ± 29) eV 2 

sin2(2a) = 0.320 + 0.075 

with a confidence level of 22%. Thus, no serious inconsistency between the reactor 
and prompt neutrino experiments seems to exist at present. The result of this fit is 
shown as a dashed line in Fig. 4. 

The results obtained in this analysis are totally compatible with the upper 
limit of curve (d) in Fig. 3. Thus electron- to tau-neutrlno oscillations represent 
a completely legitimate and perhaps even the most reasonable interpretation of the 
present data. 

The scenario in which the electron-neutrino has a mass of 20-30 eV while the 
muon- and tau-neutrinos have masses of at most a few eV and the muon-neutrino is 
essentially stable while electron- to tau-neutrino oscillations occur with relatively 
large mixing angles is both appealing and consistent with the data. Unfortunately, 
in physics three rather shaky pieces of evidence do not add up to a proof. 
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3. HIGGS PARTICLES IN QUARKONIA ANNIHILATIONS 

Our current ideas on elementary particle interactions may be briefly sketched as 
follows : 

- Electroweak interactions among quarks and leptons are described by the standard 
19) 

SIK2) x U(l) model through the exchange of four mediating bosons : Z°, 
+ vr, y . 

- Quantumchromodynamics (QDC) a o is the most plausible candidate for correctly 
describing the strong interactions among quarks through the exchange of eight 
coloured gluons. 

- Gauge theories require all intermediate bosons to be massless. The problem 
originating from the large masses of the W~ and Z' is solved by the introduction 

is) of at least one doublet of complex scalar fields (minimal Higgs mechanism). 
+ Of the four parameters, three are used for the W and Z* to acquire their 

physical masses. The fourth field remains as a genuine neutral particle of unknown 
mass H° (Higgs meson), whose existence is thus required by the standard model. 

3.1 Quarkonia 

The term quarkonium indicates the system formed by a quark and its antiquark. 
The study of quarkonia aims at a comprehensive understanding of the interquark force 
analogous to the QED description of positronium. As an example, Fig. 5 shows a 
comparison between positronium and the bb system Y (bottomonium or bottonium). 
Figure 6 displays the cross section for the process e e -» hadrons in the Y 

2l) 
region The narrow lines in the lower energy range indicate the formation of three 
bound states (with the same quantum numbers as the photon). The fourth enhancement 
corresponds to a quasi-bound state. Two additional states at higher energies have 
been recently reported Figures 7 and 8 contain two typical examples of the 
detectors ' used in the experimental investigations. 

3.2 The HigRS question 

Quarkonium annihilations occur yielding a variety of final states such as 
lepton-antilepton, quark-antiquark, three gluons etc. Of special interest is clearly 
the final state yH° which is possible provided the mass of H° is sufficiently low. 
The prediction of the standard model with a single Higgs doublet for the process 
Y(1S) -» yH" is shown in Fig. 9 together with the 90% confidence level upper limit 

26) 
reported by the CUSB group . No prediction exists instead for the more complex 
case in which two or more Higgs doublets are introduced. 

A possible candidate for H° is the Ç (2200) observed in the radiative decays 
of the cc system by the Mark III group at SPEAR '. Figure 10 shows the experimental 
evidence for this new state. In spite of the low mass, the non-observation of the 
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Fig. 5 A comparison between positronium and bottonium. 
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Fig. 10 The K+K~ invariant mass distribution observed by the Mark III group in 
the decay y -* Y K + K ~ . 

expected decay mode Ç -» u u and the large branching ratio for the decay * •» yÇ, an 
interpretation of the tj as a "non-minimal" Higgs particle would provide a natural 
explanation for its very narrow width <r = (30 ± 10 ± 20) M e V ) a s . Recently, however, 
the very existence of the Ç has become somewhat questionable following the negative 
findings of the MD2 group at the Orsay DCI 2* . 

A much more plausible candidate for H° is the f(8300) recently reported by the 
Crystal Ball Collaboration . The C appears as a 4.2 standard deviation effect in 
the inclusive photon spectrum from the decay Y(IS) -» -yX in which X is required to give 
rise to at least nine hadrons. This evidence is shown in Fig. 11. It also appears as 
a 3.3 standard deviation effect in the orthogonal sample of events from the decay 
Y d s ) •* yX' in which the cuts imposed on X' strongly bias the selection towards the 
decay Y(IS) •* yx x~. These data are reported in Fig. 12. The combined significance of 
the two signals is greater than five standard deviations. The best estimates of the 
Ç parameters are : 

H : (8322 ± 8 ± 24)MeV 
r < 80 MeV (90% C.L.) 
BR (Y(1S) -» Yf) ~ 0.5*. 

The branching ratio for the decay Y(1S) -> yÇ is too high for the identifi
cation of the Z with a minimal Higgs meson (see Fig.9). 
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However, the consistency of the data with the existence of the decays 

Ç -» cc and Ç -* TT and the observed mass and width of the Ç do support the 

hypothesis that this new state is a "non-minimal" Higgs meson. 

A difficulty with this interpretation is represented by the non-observation of 

the decay Y(2S) •* \Ç as shown by the data of Fig. 13. The ratio BR(Y(2S) -> yÇ) 

BR(Y(1S) -* yÇ) is experimentally determined to be less than 0.22 at the 90% C.L., 

while a value of about one is expected under the Ç = H° hypothesis. 

The interpretation of these new states in terms of Higgs bosons is clearly 

extremely tentative. The main question about these candidates is : "Will they last ?" 
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