
 Eindhoven University of Technology

MASTER

Life time of an electron beam in the storage ring EUTERPE

de Graaf, H.A.L.M.

Award date:
1988

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/cc6de6d5-cad1-4be9-be2f-66544111dbd4


Afstudeerverslag 

Life time of an electron beam 

in the storage ring EUTERPE. 

H.A.L.M. de Graaf 

Afstudeerhoogleraar: 

prof.dr.ir. H.L. Ragedoorn 

Afstudeerbegeleider: 

dr. j.I.M. Botman 

Rapport nr. : VDF /NK 88-17 

Technische Universiteit Eindhoven 

Faculteit Technische Natuurkunde 

Vakgroep deeltjesfysica 

groep cyclotron toepassingen 

juli 1988 



Summary 

In the cyclotron group of the Eindhoven University of Technology a proposal 

has been made for the building of a small electron-proton synchrotron/ 

storage ring EUfERPE. 

Since the electron beam is to be maintained as long as possible. various 

effects limiting the life time have been investigated. such as the Touschek 

effect. gas scattering and the quanturn effect. This has been done for one 

specHic setting of the ring opties ( .. mode B .. ). yielding high brightness 

beams. 

The quanturn life time is about centuries at operation energy (300 MeV). 

The life time due to gas scattering is 3.5 - 5 hours. at a gas pressure of 

5 ntorr. 

The Touschek life time turns out to be about 8 - 16 seconds. This life time 

is elongated by the Multiple Touschek Effect to 45 - 90 s. 

The short Touschek life time is due to the small beam dimensions and to the 

low acceleration voltage. and can be increased with a factor 2.5 - 5 by 

enlarging the coupling between the radial and vertical betatron 

oscillations. Applying an acceleration voltage of 25 kV instead of 3 kV 

elongates the life time with a factor 15. 

Finally. the effect of adding a superharmonie to the acceleration voltage is 

investigated. For the case mentioned above this elongates the bunch length. 

which may increase the life time with a factor 2. 
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List of frequently used symbols 

c velocity of light in vacuurn = 3.0·108 m s- 1 

C quanturn constant= 3.84·10- 13 m, 
q 

e elementary charge= 1.6·10- 19 C,, 

E energy, 

E
0 

electron rest energy = m
0
c 2 

h harmonie nurnber, 

~ Planck's constant = 1.05·10-34 J s, 

I current, 

Js energy damping partition nurnber, 

k Boltzmann constant= 1.38·10-23 J K- 1
, 

m
0 

electron rest mass = 9.1·10-31 kg, 

p 

s 

t 

T 

T 
~s 

V 

vrf 
x 

z 

a 

~ e 

!Erf 

nurnber of electrans per bunch, 

classica! electron radius = 2.8·10- 16 m, 

residual gas pressure {torr), 

m
0
c, 

average machine radius, 

azimuthal position, 

time, 

absolute temperature, 

synchrotron oscillation period, 

peakvoltage, 

acceleration voltage, 

radial deviation from the design orbit, 

vertical deviation from the design orbit, 

atomie nurnber, 

momenturn compaction factor, 

relative strength of the harmonie, 

- 0.5 ä~ /äs, x 
radial, vertical beta function, 

relativistic factor = EIE
0

, 

Eulers nurnber = 1.7811, 

energy acceptance of the RF-system, 
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momenturn acceptance of the RF-system, 

radial, vertical emittance, 

coupling coefficient, 

radial, vertical reduced betatron wavelength, 

dispersion function, 

radial, vertical tune, 

angular revolution frequency, 

angular synchrotron oscillation frequency, 

electron density, 

bending radius, 

radial, vertical spread, 

half bunch length, 

energy spread, 

life time due to gas scattering, 

energy damping time, 

Touschek life time, 

quanturn life time, 

radial damping time, 

vertical damping time. 
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Chapter t: Introduetion 

At the Eindhoven University of Technology (EUT) a proposal has been made for 

building a smal! proton-electron synchrotron EUTERPE (Botman, '87). 

The ring will serve as a general purpose machine for investigation of 

various physics topics and for a wide range of applications. 

Protons are to be accelerated over many turns to provide very short beam 

pulses by suitable RF-manipulations. The protons are injected from the mini 

cyclotron ILEC (v.d. Heide, '85), having an energy of 3 MeV. After 

acceleration to 50 MeV extraction takes place. 

The main purpose of EUTERPE however, is the use as a storage ring for 

electrons. The electrons, coming from a linac or a microtron and having an 

energy of 25 MeV, are accelerated to 300 MeV. The electron beam then serves 

as a synchrotron radiation source, which can be used for instanee for 

lithographics and element analysis. 

Recently, the magnetic lattice for EUTERPE has been designed 

(Uythoven, '87). This can easily be changed to obtain three modes: 

Mode A is a so called Chasman-Green lattice, resulting in very smal! beam 

dimensions. This makes the radiation souree very bright. 

Mode B is a so called doublet lattice, with larger beam dimensions than mode 

A. 

Mode C is a combination of mode A and mode B, giving the largest beam 

dimensions. 

The parameters of the three modes are given in table 1.1. For a more 

detailed description of the modes we refer to Uythoven ('87). 

Since the electron beam is to be maintained as long as possible i t is 

necessary to investigate the life time of the beam. This will be done in 

this report. 

The life time is determined by several effects, the most important ones 

being: The Touschek effect, gas scattering and the quanturn effect. 

Assurning that the quanturn life time is of the order of centuries 
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(Uythoven, '87), the resulting life time can be written as (Backer, '78): 

1 = c N + c' p 
T 

(1.1) 

where T = total life time, 

N = number of stored particles 

p = residual gas pressure, 

c, c' = machine- and energy dependent parameters. 

The first term denotes the Touschek life time, while the second one 

describes the life time due to gas scattering. 

Gas scattering results in partiele losses if the deflections due to 

collisions of the particles cause the particles to hit the wall and get 

lost. Or alternatively, if the energy loss due to the collision exceeds the 

energy acceptance of the RF-system, the particles will also get lost. 

The explanation of the Touschek effect is as follows: 

Since the particles execute transversal oscillations, they are scattered by 

each other. At such collisions momenturn will be transferred from the trans

versa! into the longitudinal direction. If this momenturn transfer is larger 

than the momenturn acceptance of the RF-system, both particles will get lost. 

The resulting life time depends on the partiele density of the beam. When 

the partiele density decreases the average impact parameter of two colliding 

particles will increase, resul ting in a decrease of the average momenturn 

transfer per collision. 

Since at each collision momenturn will be transferred from the transversal 

into the longi tudinal direction, the longi tudinal momenturn spread, and so 

the energy spread of the particles will increase. This so called Multiple 

Touschek Effect (MTE) becomes more important at low energies. Then, the 

bunch volume will be larger than when the energy spread is only due to 

radiation emission. This is due to the fact that the bunch volume increases 

as the energy spread increases. This will elongate the Touschek life time. 

In chapter 2 an expression for the Touschek life time as well as for the MTE 

will be derived. For EUTERPE a minimum life time of the order of half an 
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hour is desired. Therefore, the influence of several machine parameters will 

be inves ti ga ted. 

In chapter 3 the elongation of the Touschek life time when a superharmonie 

is added to the acceleration voltage will be discussed. In this chapter also 

a general theory concerning RF-acceptance, bunch length and synchrotron 

oscillations will be treated. 

In chapter 4 the life time due to gas scattering will be discussed. Four 

effects will turn out to cause partiele loss, namely elastic and inelastic 

scattering at atomie electrons and nuclei. In this chapter also the effect 

of gasscattering on the bunch dimensions will be investigated. 

Since the MTE affects both the transversal beam dimensions as well as the 

energy spread, the quanturn life is calculated when now the MTE is taken into 

account. This will be shown in chapter 5. 

Finally, in chapter 6 a summary of the resul ts will be given, as well as 

some recommendations. 

In this report various established concepts of accelerator physics will be 

used. Here we give a short summary of the ones most frequently used. For a 

detailed description of the processes we refer to Sands ('70) or to 

Backer ( '79). 

The electrons circulating in a storage ring are held together by the 

magnetic guide field. This field is provided by the configuration of various 

magnets around the circumference of the ring, see fig. 1.1. 

fig. 1.1: Schematic diagram of a 

starage ring. 

' ,\ l- TRAJECTORY OF \~ 
A SAMPLE ELECTRON /\ • 

,~ 

VACUUM 
CHAMBER 

DESIGN ORBIT 
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Due to the magnetic field the particles execute radial and vertical 

oscillations around the ideal orbit, the so called betatron oscillations. 

During each revolution the particles loose some of their energy by 

synchrotron radiation. This energy loss is compensated by a gain of energy 

in the radio frequency cavity. The periadie acceleration field collects the 

particles in circulating bunches, see fig. 1.2, which also defines the 

coordinate system used to describe the partiele motion. 

DESIGN 
OR BIT 

ELECTRON 
BUNCH 

(a) 

ELECTRON POSITION "'-

I .~~ 
: c 

16Jla.1 

(b) 

fig. 1.2: Circulating bunches (a) and definition of directions (b). 

In these bunches the particles execute oscillations in longitudinal 

direction, aside from the transversal ones. These oscillations are damped by 

the radiation with damping time T , while the transversal oscillations are 
. e 

damped with damping times T and T respectively. 
x z 

Beside this damping there is an excitation of oscillations due to the fact 

that the synchrotron radiation is emitted in discrete quanta. In stationary 

conditions there is an equilibrium between the damping and excitation. This 

leads to Gaussian distributed oscillation amplitudes, with spreads a , a x z 
and a in radial, vertical and longitudinal direction respectively. 

e 
The transversal bunch dimensions vary around the circumference in the ring, 

due to the variations of the guide field. These variations are governed by 

the horizontal and vertical beta functions {3 and {3 , and the dispersion 
x z 

function 1}. 

The horizontal and vertical emi ttances E. and E. are the areas the beam x z 
occupies in the radial and vertical phase space, which are built up by the 

coordinate x and the deriviate x' = dx/ds and by zand z' respectively. 

The emi ttances are constant over the ring when only external forces are 

acting on the beam (Liouville's theorem). The horizontal beam size is given 
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by a = ..J IJ ~ . The dispersion function 1J gives the displacement from the x x x . 
design orbi t of a partiele wi th a momenturn deviation wi th respect to the 

design momenturn. Eg. 1J = 1 means that the orbi t of a partiele wi th a 

momenturn deviation 0.001 is displaced by 1 mm. 

Table 1. 1: Ma.in parwnters of EUfERPE 

Circurnference: 

Average machine radius R: 

Operation energy electrons: 

Max. RF-acceleration voltage: 

RF-frequency: 

Harmonie nurnber: 

Radial damping time T : x 
Vertical damping time T : z 
Energy damping time T : 

e 
Relative energy spread a IE (without e o 

Multiple Touschek Effect): 

Coupling factor K (estimated): 

Number of cells and super periods: 

Bending radius pb: 

Vacuurn chamber diameter: 

radial: 

vertical: 

Radial emi ttance ~ (1r mm mrad): 
x 

Radial tune v : 
x 

Vertical tune v z 
Momenturn compaction factor a: 

Focus. structure (1 superper.): 

ex) F = focussing quadrupole, 
D = Defocussing quadrupole, 
0 = Drift space, 
B = Bending magnet. 

Mode A 

0.00076 

6.80 

2.68 

0.0066 

FOBOFOcx) 

OOBOOO 

FOBOFO 

000000 

32 m 

5.09 m 

300 MeV 

3 kV 

75 MHz 

8 

72 ms 

73 ms 

37 ms 

2.85·10- 4 

0.1 

16 and 4 

0.82 m 

4 cm 

2 cm 

Mode B 

0.0051 

5.24 

4.16 

0.033 

OOBOFO 

OOBOFO 

OOBOFO 

OOOOFO 

Mode C 

0.0148 

3.76 

2.18 

0.047 

FOBOOO 

FOBOFO 

OOBOFO 

000000 
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Chapter 2: The Touschek life time 

The Touschek Effect (TE) was first observed in the A.d.A. ( 1' Annello di 

Accumulazione) storage ring (Bernardini et.al., '63). It is an instability 

effect caused by the elastic scattering of electrons wi thin one bunch, 

which limits the life time of an electron beam in a storage ring. 

In the bunch syste~ the electrans collide with each other because of their 

radial betatron movements. (The vertical momenta are assumed to be small, 

because of the small coupling coefficient.) So, after one collision, 

transversal momenturn may be converted into longitudinal momentum. If the 

aqcuired or lost longitudinal momenturn exceeds the momenturn acceptance of 

the RF-system, the particles will be lost. 

When the momenturn transfer to the longitudinal direction does not lead to 

partiele loss, the collisions will contribute to an increase of the energy 

spread. This enlarges the bunch volume and decreases the scattering effect 

because it depends on the partiele density within the bunch. This so called 

Multiple Touschek Effect (MTE) then results in an increase of the Touschek 

life time. It turns out that this MTE is important in storage rings that 

operateat low energies (Backer, '78). 

The Touschek Effect and the MTE are also called Intra Beam Scattering. 

In this chapter, the theory of the TE and MTE (§2.1 and §2.2 respectively), 

as well as the resulting Touschek life times will be treated according to 

the theory presented by Brück ('66) . 

In §2.3 the Touschek life time of EUTERPE will be calculated, and compared 

with the life time of the comparable SOR-ring in Japan. 

In §2.4 the dependency on the Touschek life time of several (machine) 

parameters will be investigated. 

Finally, in §2.5 some concluding remarks will be made. 

§2.1: The Touschek effect 

In this paragraph the Touschek effect, as well as the resulting beam life 

time will be calculated following three steps: 

1: First we will calculate the elastic scattering cross section for 

electrons to get lost; 
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2: Next the average loss rate of the electrans within one bunch will be 

calculated; 

3: Finally, an expression for the Touschek life time in the laboratory 

system will be derived. 

§2.1.1: Cross section for partiele loss 

We suppose the electrans in the bunch system to have horizontal transversal 

veloeities vi,k' which are non relativistic. The momenturn of one electron 

in the centre of mass system of two scattering electrans is given by qm
0
c, 

with: 

(2.1). 

where c = velocity of light in vacuurn, 

v = relative velocity of the particles in the ceLtre of mass system. 

Hence, momenta are characterized by a dimensionless nurnber q, obtained by 

dividing the momenturn by m
0
c. 

After colliding, the momenta of the electrans will have a component in the 

direction of the bunch movement, qcos(x) (see fig. 2.1). 

I 
q sin X 

qsinX. cos f,qcos e 
beam 
direction 

fig 2.1: definition of severat angtes. 

This means that in the lab system both electrans will have a momenturn 

deviation w.r.t. the synchronous partiele of ~qm0c cos(x) (see Appendix 1). 
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With m0 cAprf being the momenturn acceptsnee of the RF-system, the particles 

will get lost if 

l~q cos(x)l ~ Aprf' or 
Ap f 

lcos(x)l ~ ~~ = ~'(q) 

The last equality defines the quantity ~'(q). 

(2.2) 

The differentlal cross section for elastic scattering of two 

non-relativistic particles is given by the Möller-formula (which may be 

used since only large scattering angles are considered here): 

2 4 
da roe [ 1 
dn=-4- 49 + 

v sin (2) 

1 

= 
4r2c4 4 

: 4 Lin\9) -

where r
0 

=classica! electron radius, 

9 = scattering angle (see fig 2.1), 

v = relative velocity of the particles. 

From fig. 2.1 we see that: 

cos(9) = sin(x)cos(~) 

dO = sin(x)dxd~ 

(2.3) 

(2.4) 

Integration of eq. 2.3, where only those scattering events that result in 

partiele loss ( lcos(x) I ~ ~· (q)) are taken into account, gives for the 

cross section for partiele loss (Backer, '78): 

arccos(~') 

I dx 
0 

2 

1T 

2 I d~ 
0 

[ 4 3] ·c> 
4 - 2 s1n x , 

sin (9) sin (9) 

va(q) 
1Troc 1 

= 2 - 3- [ 2 - 1 + ln(~'(q))] 
q ~' (q) 

Ap f 
for q > _r_ 

- 'Y 

Ap f 
while va(q) = 0 for q ~ ~ 

or: 

(2.5) 
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Here~· is given by eq. 2.2 and q = v/2c {eq. 2.1) is used. 

§2.1.2: Average loss rate 

If the equilibrium beam has a Gaussian distribudon, the radial momenta 

have a standard dcviation a . Then, the momenturn spread in the centre of 
px 

mass system of the particles, a is given by: 
q, 

1 
a =-a 

q ..fi px 

while the distribution of q, P{q), is given by: 

1 2 1 2 
P{ q)dq = z::-- expC9

2] dq = expC~ ] dq 
a v:.t.:rr 2a a ./i a 

q q px px 

This gives for the average loss rate va: 

00 

va = I P(q) va dq 

Aprf 
'Y 

Integration gives, with eqs. 2.7 and 2.5: 

00 

va = 21Tr~c I 
Aprf 

'Y 

We introduce new variables ~ and é: 

Ap 
= (__!f)2 

é 'ra ' 
px 

-(q/a )2 
e px dq 

./ia 
px 

{2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

where é is the ratio of the momenturn acceptance and the longi tudinal 

momenturn spread, when the radial momenta would be entirely converted into 

longitudinal momenta. 
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With this eq. (2.9) leads to: 

{2.11) 

with 

{2.12) 

In fig. 2.2 C{~) is given. 

For ~ ~ 0.01 an approximation for C{~) is - ln{~) - 1.5- ln(~ ) = -ln(~) -e 
2.0772, where ~ = Eulers constant = 1.7811 (Backer, '78). 

e 

15+---~----~--~--~~--~--~----~ 

10 

-~5 
u 

fig. 2.2: The function C(~); the solid curve is C(~) according 

to eq. 2.12, the dashed curve is the approximation. 
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§2.1.3: Expression for the Touschek life time 

Knowing the average loss rate the Touschek life time due to the scattering 

process in the bunch system. Tb can be calculated . 
• With Nb = dNb/dt. where Nb = number of particles in the bunch. the 

Touschek life time in the bunch system Tb can be expressed as: 

(2.13) 

The electron loss of a small volume dV which contains dN electrons is: 

- -2 
dN = va pdN = va p dV. (2.14) 

where p = the electron density in the bunch. 

The Touschek life time in the bunch system then becomes: 

(2.15) 

where va (= va(a )) is assumed to be independent on the place in the bunch. 
q 

(The difference in life times in the region 0.3 < q < 10 using Gaussian and 

rectangular a -distributions turns out to be less than 1% (Volkel. ·67).) 
q 

The Touschek life time in the lab system. Tt• is related to Tb by Tt =~Tb. 

so: 

1 1 - [}2 ] -=-(va) p dV 
T t ~Nb b V b 

b 

(2.16) 

The density in the lab system can be expressed as: 

Nb 2 2 2 
( ) -----:~~-- exp-[-x- + ._z_ + _s_] 

PI x.z.s = 3/2 2a2 2a2 2a2 
(2~) axazal x z 1 

(2.17) 
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where a , a and a 1 are the radial, vertical and longi tudinal beam x z 
dimensions respectively. 

Integration gives: 

N 2 

[ }vp2dv ] 1 = ---=-3;=2~b __ = 
{4v) a a a

1 b x z 

N 2 
b 

where (Vb)l = bunch volume in the lab system. 

Due to Lorentz contraction this becomes in the bunch system: 

(2.18) 

(2.19) 

Then, finally the eApression for the Touschek life time becomes, with ~qs. 

2.16, 2.11 and 2.19: 

..!i r~ c Nb 
- -----:::2:---- C( é) 

apx (Aprf) (Vb)l 

where C(é) is given by eq. 2.10 and 2.11, 

m
0

c a = radial momenturn spread, px 
m

0
c Aprf = momenturn acceptance of the RF-system, 

Remarks: 

(2.20) 

The Touschek life time is proportional to the momenturn acceptance Aprf· 

It is clear that when the maximum allowed energy deviation of the 

particles to stay in the RF-bucket increases, more electrons will return 

to the bunch after scattering; 

The Touschek life time is proportional to the bunch dimensions Vb' because 

if vb increases the partiele densisity increases, resulting in smaller 

impact pararoters between the colliding particles. This will result in 

larger momenturn convertions to the longitudinal direction.; 

The Touschek life time is inversely proportional to the number of stored 

particles, i.e. to the current in the storage ring. This is directly 

related to the electron density in the bunch; 
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Formula 2.19 is only valid for flat beams, because collisions between 

horizontal and vertical moving particles are neglected. For large 

coupling factors the vertical betatron oscillations must be taken into 

account {Miyahara, '85); 

Special care must be taken in calculating the bunch dimensions. For 

instance, they might be enlarged by the Multiple Touschek effect {see 

§2.2) or by gas scattering {see chapter 4). We will return to this in 

§2.3. 
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§2.2: Multiple Touschek effect 

In the previous sec ti on collis i ons resul ting in a loss of the colli ding 

particles were considered. However, if the (sudden) energy transfer to the 

longitudinal direction is not large enough for the particles to get lost, 

the particles will return to the bunch because of the radfation damping. 

This so called Multiple Touschek Effect (MTE) turns out to be ~~ortant at 

low energies, where Ap f/'Ya (dE.) is not small compared to 1 (Backer, r q 
'78). 

The MTE resul ts in an increase of bunch length because of the increased 

energy spread. Furthermore, the betatron oscillations that have arisen due 

to the sudden energy changes change the transversal beam dimensions. 

This bunch volume growth causes the partiele density to decrease, resulting 

in an elangation of the Touschek life time. 

In the first part of this paragraph the new energy spread due to the MTE 

will be calculated. 

In the second part the term for the mean energy transfer per callision that 

does not result in a loss of the particles, which arises in the expression 

for the new energy spread, will be calculated. 

§ 2.2.1: Energy spread due to the MTE 

A spontaneous energy deviation induces an energy oscillation around the 

nomina! energy, a so called synchrotron oscillation. This oscillation is 

damped due to the energy dependency of the emi tted radiation energy. A 

damped harmonie oscillator which is excited by random energy fluctuations 

with standard deviation E. will have a Gaussi~1 energy distribution. 
c 
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The energy spread due to the collisions, a then follows from: e,c 

2 1 2 
a = -4 n e.c T (2.21) e,c e 

2 where E. = mean squared energy transfer per collision, not leading to loss 
c 
of the particles, 

n = number of collislons per second, 

T = energy damping term. 
e 

The energy spread due to radiation emission, is given by (Sands, '70): 

2 a e,"'Y 

E2 C "'Y2 = __ q ....... _ 

Js Pb 

where C 
q 

-13 = quanturn constant = 3.84 10 m, 

Js = the longitudinal damping partition number c= 2). 

pb = bend radius of the bending magnets. 

The total energy spread then follows from: 

2 2 2 
a = (a + a ) e e,"'Y e,c 

where both processes are assumed to be independent on each other. 

(2.22) 

(2.23) 

Since we are dealing with momenta that are converted from the radial into 

the longitudinal direction, the energy term is replaced by a momenturn term 

pc ( the "real" momentum, so not divided by m
0
c): 

2 2 n e. = c c 
(2.24) 

Averaging this over all veloeities u (= v/2) in the centre of mass system 

gives: 

2 
a e,c 

2 
P aupc Te (2.25) 
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Again we assurne the partiele densi ty as well as the veloei ties u to be 

inaependent on the place within the bunch. Then, according to eq. 2.18: 

N 
p = p = --~~~----3/2 

(4v} a a a
1 x z 

(2.26} 

The transversal beam dimensions, averaged over the entire ring, are given 

by (see Appendix 2 fora }: 
x 

a xe 

a 
x 

a z 

= Ra(a IE) e 

=a J T IT xe x e 

where a is the total energy spread, e 
R = average machine radius, 

a = momenturn compaction factor, 

TX, T , T = z e radial, vertical and longitudinal damping times, 

(2.27a} 

(2.27b} 

(2.27c} 

(2.27d} 

v = vertical tune = number of vertical oscillations per revolution, z 

The half bunch length, a
1

, is given by: 

a 
ac e 

al= OE 
s 

where 0 = angular synchrotron oscillation frequency. 
s 

(2.27e} 

The vertical beam dimension a as given above is assumed to be the result z 
of the momenturn transfer into the vertical direction. In the bunch system 

this momenturn transfer is the same as in the longitudinal direction, in the 

lab system however, this momenturn transfer becomes very smal!. 

In practice, the vertical beam dimensions are determined by the coupling of 



-23-

horizontal and vertical betatron oscillations, so: 

a 
az = K. .../ f3z/f3x ax/3 ~ K. ax/3 = K. .../ Tx/Te Ra Ee 

where " = the coupling coefficient. 

(2.27f) 

So, the energy spread due to the collisions that do not result in loss of 

particles is given by: 

C
2 N 2 2 

2 b 
E T aup 

a = --~~~~~--~----~e ____ ~c----~~--~----=---
e,c 25 ~3/2 a2 " (T IT [1 + T IT ])1/2 R2 (a )2 

x e x e e al 

(2.28) 

§2.2.2: Average momenturn transfer 

As said, the average momenturn transfer is calculated by averaging the 

momenturn transfer at one radial velocity u over all the impact parameters 

of the collision first. Next this momenturn transfer is averaged over all 

veloeities u. 

Averaging over the impact parameters 

To calculate the momenturn transfer from the radial into the longitudinal 

direction in the bunch system, we now use the classica! approximation for 

small angle scattering. (Using the Möller-formula, as done in §2.1 would 

lead to the same results, according to Brück.) 

In the bunch system the ("real") momenturn transferred from the radial 

direction into a direction perpendicular to it. p1 . is given by: 

(2.29) 

where b = impact parameter of the collision, 

Po = moe' 
q = v/2c, the relative momenturn in the centre of mass system. 
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The differentlal cross section for momenturn transfer to the direction 

perpendicular to the radial motion becomes (with da = 2ub db): 

(2.30) 

2 The average square of the momenturn transfer, p1 , is given by: 

(2.31) 

where a is the cross section for momenturn transfer between p
1 

. and ,mln 
pl . ,max 

This gives: 

(2.32) 

The maximum momenturn transfer Pl,max is of course p
0
q, while the minimum 

momenturn transfer p
1 

. is the transfer at the maximum value of the impact ,mln 
parameter, b . 

max 
Since only single scattering events are concidered, this maximum impact 

parameter can be estimated as: 

b max 
"' -1/3 p 

where p is the density in the bunch. Then p
1 

. becomes ,mln 

2ropo 
Pl.min = -1/3 

p q 

(2.33) 

(2.34) 
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With this, we arrive at the next expression for op~: 

(2.35), 

h (2 )
1/2 1/6 

w ere q
0 

= r
0 

p • 

The momenturn transferred will be equally divided over the longitudinal (p ) 
e 

and the vertical (p ) direetion: z 

(2.36) 

The Gaussian distribution funetion of the radial veloeities is given by eq. 

2.7, where a , averagedover the entire ring, is given by: 
q 

a avR 1 a 
a = ~ = 'Y ~ = - 'Y a ~ v .J T IT 

q ../i "f...../2 ../iE x xe 
(2.37) 

x 

where eq. 2.27b and ~ = Rlv have been used. x x 

Now, because u = qe, the momenturn transfer per eollision, averaged over all 

eollisions with veloeities u beeomes: 

where 

00 

f(q
0

) = 2 J ~ e-(q/apx)
2 ln(~)2 dq =· 

qo 

q 
(-o-)2 wi th X = m a px 

(2.38), 

J 
1 -x 
Xe 

x 
m 

(2.39) 
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For X ~ 0.1 we can approximate f{X } by {Backer, '78}: m m 

where ~ = Eulers number = 1.7811 
e 

The function f{X } is given in fig. 2.3. 
m 

704-----~----~----~----~-----L----~ 
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?0 
x 
~30 

20 

10 
... 

0+-----.-----.-----.-----~~~~--~··-··-·--~ 
10-,5 10-· 10-3 10-2 10-1 10° 101 

Xm 

{2.40} 

fig. 2.3: The function f{Xm); Dashed curve: According to eg. 2.39, 

sotid curve: According to eg. 2.40. 

The upper limit of the integral is only valid when the number of collisions 

leading to a loss of the particles is small compared to the number without 

losses. Namely, when the electrans get lost, they do not contribute to an 

increase of the energy spread. 

2 When transferring from the bunch system s to the lab system 1 aupc is 

invariant, because as= ~a1 , us = ~1 and (pc)l = ~(pc)s. 

So, finally the energy spread due to the MTE becomes: 

2 a e,c 

~3 AE f T r
2 

E
6 n c Nb A f(Xm) 

= r e o s f (X ) = --:::---------::::---~ 
16 v R2 a4 a4 

K v T IT vÇ IT +1 m (a2 
+ a2 )2 

e x x e x e e,c e.~ 

with: (2.41) 

(n Nb)
113 

T IT ~ E
3 

ro s e x B 
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It is clear that a can be found by solving the equations: e,c 

{ 

x (x + y)
2 

= A f(Xm) 

3/2 
(x + y) = B/X m 

where a
2 and a

2 have been replaced by x and y respectively. 
e,c e.~ 

(2.42a) 

(2.42b) 

Because ae.~· the energy spread due to radiation emission, is known, ae,c 

can be found by calculating X from the equation: m 

f(Xm) = Î [ (~ )2- y(~ )413] (2.43), 
m m 

which has to be done numerically. Then a follows after substitution of e,c 
X into eq. 2.4lb. m 

Remarks: 

1: Since in the calculations of the MTE averaged bunch dimensions are used, 

the resulting values are only accurate for weak focussing machines 

(Le Duff, '85). Forstrong focussing lattices the theory must be 

concidered as giving an estimation of the energy spread due to the intra 

beam scattering. 

2: Not taken into account is the fact that constantly radial oscillation 

energy is converted into the longitudinal direction. It is not clear 

whether this effect decreases the transversal bunch dimensions given by 

eq. 2.27 remarkably. 
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§2.3: Calculation of the Touschek life time 

The Touschek life time, acco~ding to eq. 2.19, depends on the bunch volume 

Yb as well as on the radial momenturn spread a 
px 

Usually, these two 

quanti ties vary along the circumference of the ring, due to the varying 

beta- and dispersion functions. 

In the first part of this paragraph the Touschek life time of the three 

modes of EUI'ERPE will be calculated, applying the averaged transversal beam 

dimension formulae, eqs. 2.27c and 2.27f. 

In the second part we will calculate the Touschek life time as function of 

the azimuth. From these life times the average life time of the entire ring 

can be calculated. 

In the third part the life times of the Japanese SOR ring will be compared 

with the results of EUI'ERPE. 

All calculations are done with the code TOUSCHEK. 

§2.3.1: Touschek life time using averaged bunch dimensions 

The averaged transversal bunch dimensions are given by eq. 2.27c and e, 

while the half bunch length is given by eq. 2.27f. 

The averaged radial momenturn spread is given by eq. 2.36: 

a a 
a = ...,. "4- = ...,. a v E e ../ T IT 
px x x x e 

(2.44) 

For EUTERPE the Touschek life times at a current of 50 mA are given in 

table 2.1. 

Table 2.1: Touschek life times when averaged momenturn spread and bunch 

dimensions are used (I = 50 mA). 

EUI'ERPE Tt (without MIE) T t (wi th MIE) 

Mode A 5.4 s 66s 

Mode B 7.6 s 44 s 

Mode C 12 s 45 s 
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In all three cases the Multiple Touschek effect elongates the Touschek life 

times remarkably, especially in mode A. 

Furthermore, the final Touschek life times (with MTE} are extremely short, 

probably due to the smal! bunch volumes. We will return to this later. 

§2.3.2: Life time a> function of azimuth 

To calculate the Touschek life time at various azimuthal posi tions the 

beta- and dispersion functions around the ring must be known. The reason is 

that the bunch volume and the radial momenturn spread depend strongly on 

these functions. 

The transversal beam dimensions are given by: 

1/2 a (s} = K{~ R (s}} 
z X:z 

while the radial momenturn spread is given by: 

a (s} px 

where ~ (s} = radial and vertical beta function at azimuth s, 
X,Z 

~(s} = dispersion function at azimuth s, 

a = - 0.5 d~ /ds, x x 
x' = dx/ds. 

(2.45a} 

(2.45b) 

(2.46) 

The extra contributions to the radial momenturn spread due to a blow up of 

the beam for positive ~· = d~/ds 3nd due to shrinking for negative ~· are 

neglected. In first order these two effects are assurned to counterbalance 

each other. 

For the longitudinal bunch dimensions eq. 2.27e is used, which is assumed 

to be constant over the ring. 
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As seen in §2.3.1 the MTE elangates the Touschek life time for all three 

EUTERPE modes. Therefore, when using eqs. 2.45 and 2.46 the radial 

emittance must be known when besides radiation emission the MTE is 

important in exciting betatron oscillations. 

A simple way to calculate the new emittance will be shown in the following 

intermezzo: 

Intermezzo: Emittance change due to the MTE 

The radial spread due to betatron oscillations, averaged over the entire 

ring, can be given by: 

a 
axf3,1 =Ra Ee ../ Tx/Te (2.47a) 

(see Appendix 2), or by: 

a~R 2 = ../ {j ~· = ../ ~·R/v 
.hiJ• x x x x 

(2.47b) 

where ~' is the new radial emi ttance and {j is replaced by i ts typical x x 
value R/v . 

x 
It is clear that when no MTE is taken into account, the "new" emittance ~ 

x 
must equal the "old" emittance ~ . 

x 
After combining eqs 2.47a and 2.47b the new emittance becomes: 

(2.48) 

Now, the emittance is related to the energy spread, which mayor may not be 

affected by the MTE. We see that the MTE, which increases the energy 

spread, also increases the emittance. 

For EUTERPE the emittances calculated by Uythoven {'87), where the MTE bas 

not been taken into account, as well as those following from eq. 2.48 with 

and without MTE are given in table 2.2: 
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table 2.2: Emittances for the three EUTERPE modes 

EUTERPE ~ (Uythoven) ~ (eq. 2.48) ~' (eq. 2.48) x x x 
(no MTE) (no MTE) (with MTE) 

mode A 0. 760 1f' run rad 0.224 1f' run rad 2. 79 1f' run rad 

mode B 5.10 1f' run rad 4.68 1f' run rad 11.6 1f' run rad 

modeC 6. 76 1f' run rad 18.4 1f' run rad 13.7 1f' run rad 

Only for mode B the emittances calculated with eq. 2.48 (without MTE) agree 

within 10 % with those of Uythoven. The differences for mode A and C are 

due to the fact that relation 2.47a is an approximate relation. It bas been 

derived for smooth or regularly varying beta functions, the latter of which 

is the case in mode B. The emittances according to Uythoven are calculated 

with the use of so called synchrotron integrals, where the azimuthal 

varying properties of the magnetic guide field are taken into account. 

Furthermore, in mode B the MTE enlarges the emittance with a factor 2. 

End intermezzo 

We will restriet ourselves to calculations of the Touschek life time as 

function of the azimuth of mode B for the reason given above. 

The Touschek life time is calculated every 0.2 meters of one superperiod. 

This is done by reading the values of ~x' ~z' ~x and ax from fig. 2.4a, 

which gives the beta- and dispersion functions. 

The bunch volume and radial momenturn spread as function of the azimuth are 

given in fig. 2.4b and c, while the Touschek life time as function of the 

azimuth is given in fig. 2.4d. 

Here eqs. 2.45 and 2.46 are used, with the emittance given by eq. 2.48. 

The Touschek life time varies when going through the superperiods. The 

variations of the Touschek life time follow the variations of the bunch 

volume quite well, as predicted in §2.2. 
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fig. 2.4: SeveraL quantities as function of azimuth of EUTERPE mode B: 

a: Touschek Hfe time, b: Bunch voLume, c: RadiaL momentum spread, 

d: Beta- and dispersion functions. 

The sharpening of the peaks of the Touschek life time is probably due to 

the sharp peaks of the radial momenturn spread. Apparently an increase of 

radial momenturn causes the life time to increase. Indeed, according to eq. 

2.29 the momenturn transferred into the longi tudinal direction decreases 

with increasing radial momentum. 

The radial momenturn spread turns out to be smaller than 0.3. It is 

recommendable to perform a more detailed study regarding the validi ty of 

the rectangular distibution used in §2.1.3. 

From the azimuthal varying Touschek life times the total life time of the 



ring can be calculated with: 

n 

!t = ~ l !. 
0 1 1 
1= 
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where T. = Touschek life time at i-th azimuth, 
1 

n = number of azimuthal posi tions. 

(2.49) 

For mode B the life time of the entire ring becomes 16 s without MTE and 

95 s with MTE. These life times are about twice as large as the life times 

calculated wi th the averaged bunch dimensions. According to Backer ( '78) 

this discrepancy might be due to the fact that the bunch dimensions and so 

the radial momenturn spread are averaged. In §2.3.3 it will turn out that 

the averaging goes a lot better when the beta functions are "smooth". 

It must be remarked here that the MTE is calculated with the averaged bunch 

dimensions and may therefore not be correct. Therefore, the life time with 

MTE may only be considered as an estimation of the influence of the MTE. 

Finally, the life times calculated with eqs. 2.45, 2.46 and 2.49, where now 

the emittances given by Uythoven ('87) are used, are given in table 2.3 for 

mode A, B and C. Since these emittances do not take the MTE into account, 

only the life times without MTE are given. 

table 2.3: Touschek life times of EUTERPE averaged over the ring, when 

the emittances according to Uythoven ('87) are used. 

EUTERPE T t (without MTE) 

Mode A 14s 

Mode B 18 s 

Mode C 71 s 

The life time increases from mode A to mode C. This is as expected, since 

the bunch dimensions increase from mode A tomode C, see chapter 1. 
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§2.3.3: The SOR-ring in .Japan 

In this paragraph the results of the preceeding paragraphs will be compared 

with the SOR-ring in Japan (Ishii, Isoyama, '85), the parameters of which 

are given in Appendix 3. 

Comparing the beta- and dispersion functions of this ring (see fig. 2.5a) 

with those from EUfERPE, i t can be seen tbat the functions of tl.e SOR-ring 

are quite a lot smoother than those of EUTERPE. 

In fig. 2.5d the Touschek life time (at a current of 50 mA) as function of 

the azimuth is given. 

Only one curve is given, since the life times where the MTE bas been taken 

into account, seem to differ from those at which no MTE bas been taken into 

account less than 1%. 
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fig.2.5: Several quantities as function of azimuth SOR: a: Touschek life 

time (I= 50 mA), b: Bunch volume, c: radial momentum spread, d: beta

and dispersion functions. 
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The Touschek life time doesn't vary wildly as function of the azimuth, with 

exception of the middle, where the radial momenturn spread shows 

fluctuations (see fig. 2.5c). This resul ts in a local increase of the 

radial momenturn spread. 

Again the Touschek life time can be calculated using the averaged 

expresslons for the transversal bunch dimensions, and be compared with the 

life times that follow from eq. 2.47. The results are given in table 2.4. 

Table 2.4: Touschek life times of the SOR ring, calculated by averaging 

the azimuthal life times, and by using the averaged volume (I = 50 mA). 

SOR Japan Tt (without MTE) T t (with MTE) 

Life times averaged 11450 s 11470 s 

Averaged volume 10770 s 10780 s 

Apparently, both calculation methods give results that agree very well with 

each other. This supports the idea that averaged bunch dimensions may only 

be used when the beta- and dispersion functions do not vary too wildly. 

The Touschek life times are much longer than those from EUTERPE. This may be 

attributed to the larger bunch volume of the SOR ring, which can be seen by 

camparing fig. 2.5b wi th 2.4b, or to the higher peak voltage (20 kV for SOR, 

3 kV for EUTERPE). 

With a larger buncb volume, tbe average impact parameter of two colliding 

particles will decrease, resulting in less momenturn transfer into the 

longitudinal direction. Also, the Multiple Touschek effect has hardly any 

influence on tbe Touscbek life times, in contrast with EUTERPE. Again this 

is caused by tbe larger buncb volume in SOR. 

The smal! buncb volumes in EUTERPE are caused by tbe low emittances. 

Finally it must be noted that tbe life time of tbe SOR ring according to 

Isbii and Isoyama ( '85) is about 240 minutes at a current of 200 mA. Since 

tbe life time varies inversely proportional to tbe beam current (wben tbe 

MTE is neglected), tbe life time at a current of 50 mA will be about five 

times as long as tbe one calculated bere. 

This difference cannot be explained. since Isbii and Isoyama do not mention 

tbe metbod used in tbeir calculations. 
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§2.4: Variation of Touschek life time with several {machine) parameters 

In this paragraph we will investigate the dependenee of the Touschek life 

time on the beam current, the operation energy, coupling between radial and 

vertical betatron oscillations and on the peak voltage of the RF-system. 

The dependency of the several parameters will be investigated for EUTERPE 

mode B, using the metbod of averaging bunch dimensions. Unless mentioned 

otherwise, the beam current is assumed to be 50 mA. 

Furthermore, it should be noted that the purpose of this paragraph is only 

to get an idea of the dependenee of the machine parameters. 

§2.4.1: Influence of the beam current 

In fig. 2.6 the Touschek life time of EUTERPE as function of the 

beamcurrent is given. 

fig. 2.6: Touschek life time 

as function of beam current 

(EllTERPE mode B). 
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The Touschek life times without MTE seem to hebave as predicted by eq. 

2.20, i.e. inversely proportional to the number of particles per bunch, 

which is determined by the beam current. 

Furthermore, the influence of the MTE increases when the beam current 

increases (at I = 50 mA the life time elangation due to the MTE is about 5, 

while at I = 1.0 A this elangation is about 32). The reason for this is 
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that at high partiele densities more collisions do occur, so there will be 

more energy exchanges into the longi tudinal direction per time interval. 

Evenso, per callision more momenturn will be transferred into the 

longitudinal direction, since the impact parameters of the colliding 

particles are smaller. These two effects result in an increase of energy 

spread, which will cause the Touschek life time to increase (see §2.2}. 

§2.4.2: Influence of the energy 

In fig. 2.7 the Touschek life time of EUTERPE as well as of the SOR ring 

are given as function of the energy. 
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fig.2.7: Touschek Life time as function of energy; a: EUTERPE mode B; 

b: SOR (I=50 mA}. 

In both cases the inf luence of the MTE grows as the energy decreases. 

However, in the SOR ring at operation energy (380 MeV} the life time is 

hardly affected by the MTE, in contrast to EUTERPE. This may be attributed 

to the difference in bunch volume. This also becomes clear in fig. 2.8a, 

where the bunch volume of EUTERPE is given as function of the energy. 
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fig.2.8: Bunch volume as 

function of energy 

(FliTERPE mode B, 1=50 IRA). 
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At low energies the increase of bunch volume due to the MTE is much larger 

than at higher energies. 

However, the average loss rate va also depends on the energy as well as on 

the RF-acceptance !Erf and the radial momenturn spread apx' which are also 

energy dependent. This makes the dependency of the Touschek life time 

rather complex to understand. 

§2.4.3: Influence of the peak vol~e 

,.. 
In fig. 2.9 the dependenee of the Touschek life time on the peak voltage V 

of the RF-system is given, while fig. 2.10 gives the dependenee of the 
.... 

energy acceptance !Erf on V. 
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fig. 2.9: Touschek life time 

as function of peak voltage 
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fig.2.10: Energy acceptance as 

function of peak voltage (I=50 mA). 
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A 

For values of V below 1 kV AErf reduces to zero. Here the entire 

acceleration voltage is needed to provide the energy the particles have 

lost during one cycle due to radiation emission, U
0

• If the energy 

deviation from the desired energy is larger than U
0

, the RF-system is not 

able to keep the particles in the bucket, and the partiele will get lost. 

This results in zero Touschek life times at energies below 1 kV, as can be 

seen in fig. 2.10. 
" Furthermore, when V > 3 kV the energy acceptance varies nearly proportional 

with V, while the bunch volume decreases (see fig. 2.11), due to the 

decreasing bunch length at higher peak voltages (see chapter 3). 

fig. 2.11: Bunch volume as 

function of peak voltage 

(1=50 mA). 
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Apparently, the increase of AE f is more important than the decrease of 
" r bunch volume, for increasing V. At a peakvoltage of 25 kV a life time of 14 

minutes is obtained. 

§ 2.4.4: Influence of coupling 

Usually, the vertical bunch dimensions are determined by the coupling 

between radial and vertical betatron oscillations. This coupling, e.g. 

caused by imperfections of the guide field, can be enlarged by applying 

skew quadrupoles or by making the difference between the radial and 

vertical betatron numbers close to an integer (so called difference 

resonance, Backer, '79). 

Enlarging the coupling will increase the Touschek life time, because of the 

decrease of partiele density. 
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A detailed analysis of coupling is beyond the scope of this report. Here 

the approach given by Sands {'70) will be given, which is only valid when 

the radial and vertical damping times are equal {which is the case for 

EUTERPE). 

Then the radial and vertical emittances are shared when coupling is 

present. The sum of both emittances then equals the radial emittance in 

absence of coupling: 

~· + ~ = ~ x z x 

where ~·. ~· = emittances when coupling is present, x z 
~ = radial emittance without coupling. x 

The coupling coefficient K is defined by: 

2 
K = ~·~~· z x 

With this the radial and vertical emittances become: 

1 
~ = ~ 

{1+K2) x x 

2 
~· 

K = ~ 
{1+K2) z x 

{2.48) 

{2.49) 

{2.50) 

It is clear that in the case the coupling is smal! (K = 0.1) the radial 

emittance is hardly affected by the coupling, while the vertical emittance 

is approached by ~ = ~2~ , as assumed before. z x 
The radial and vertical spread at azimuth s due to betatron oscillations 

are now given by: 

= [ ~~x(s) ]1/2 
ax{3' (s) = J ~·Bx(s) 2 X: 1+K 

(2.51) 

a~ = K a~(s) 
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The ave aged bunch dimensions and radial momenturn spread then become: 

[ 
1 ] 1/2 

--T IT 
1 

2 x e 
+K 

ae [ "2 ]1/2 
=Ra -E --T IT 

1+"2 x e 

[ 
1 ] 1/2 

--T IT 
1+K2 x e 

In fig. 2.12 the Touschek life times are given as function of K. 
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fig.2.12: Touschek tife time as function of coupting (!=50 mA). 

We see that wi th full coupling (K=1) the life time without MTE is about 

four times longer than when K=Ü.1. When the MTE is taken into account it 

reduces to ~ 2.5. 

It mus be noted that, when coupling is increased, also the vertical 

oscillations have to be taken into account when calculating the 

life time. This has not be done in the theory presented here, 

which i derived for a ribbon beam. 

Miyahar ( '85) and Miyahara & Nishimura ( '85) have found that the life 

times measured at the SOR ring (without MTE) may be twice as large as 
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calcula ed from the ribbon beam theory. So, at full coupling the total life 

time el ngation may be a factor 8, when no MTE is taken into account. With 

MTE thi elangation will lie between 2.5 and 5. 

§2 .4. 5: I Infl uence of bunch vo I urne 
! 

As ment~oned, the life time is proportional to the bunch volume. Therefore 

it is u~eful to check what bunch volume is needed to provide a certain life 

time. The volume can be changed by changing the emittance. This metbod has 

two disadvantages. First, the MTE cannot be calculated, since the emittance 

does not appear in the calculations of the MTE, while the bunch volume 

does. Secondly, when changing the emittance the radial momenturn spread also 

changes. So it is not clear whether a change of life time is due to a 

change Qf bunch volume or due to a change of momenturn spread. 

Therefo~e the bunch volume 

accordirk to: 

is changed by changing the bunch length 

where ~l = half bunch length calculated using eq. 2.27e, 

ai 
1
= new half bunch length 

BL 
1
= bunch lengthening factor. 

(2.54) 

In fig. 2.13 the life time as function of BL is given, while fig. 2.14 

gives the life time as function of the resulting bunch volume. 
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As e the life time elangation due to the MTE decreases as BL, and 

so the bunch volume increases. This is due to the decrease of partiele 

ife time of 30 minutes a bunch volume of 410 mm3 turns out to be 

(The bunch volume of mode B is 8.5 mm3
.) 



- 44 -

§2.5: of the results 

times of EUI'ERPE turn out to be very short, about 90 

seconds' for mode B. This is due to the relative small bunch volume, 

compared with the SOR ring for instance. This small volume results in high 

partiele densities in the bunch, which enlarges the impact parameters at 

the co~lisions between the particles. This results in much momenturn 

transfe~ into the longitudinal direction. 

The Tou~chek life times are conciderably enlarged by the Multiple Touschek 

Effect (MTE), which increases the bunch volume. The MTE becomes more 

important at lower energies. 

At mode B the life time following from the azimuthal life times is about 

twice as large as the life time calculated using averaged bunch dimensions. 

This is,probably due to the strong variations of the bunch dimensions and 

radial momenturn spread around the circumference of the ring. 

The Touschek life time turns out to decrease with increasing beam current 

and to increase with increasing peak voltage. At a peakvoltage of 25 kV the 

life time of mode B is elongated by a factor 20. 

Enlarging the coupling between radial and vertical betatron oscillations, 

which enlarges the bunch volume, may increase the life time by a factor 8, 

when no' MTE is taken into account. With MTE this elangation is lower, and 

lies between 2.5 and 5. 

In the next chapter a way to enlarge the bunch length, and so to enlarge 

the Tou$chek life time, will be treated. 
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Cha ter 3: Addi 

I 

Because 'the Touschek life time is directly proportional to the bunch volume 

(see eq. 2.20). the Touschek life time can be elongated by increasing the 

bunch length. One way to do this is by adding a superharmonie to the 

RF-acceleration voltage (Baillod et al .• '83. D.J. Thompson and M. Poole. 

'79. Hoffmann and Myers. '80). How this is done will be shown in this 

chapter. 

First the theory of a sinusoirlal acceleration voltage will be treated. This 

theory clan be found in Sands ( '70). in Backer ( '79) and in Botman ( '87). 

Then thi~ theory will be extended for the cases in which a superharmonie has 

been add~d to the acceleration voltage. 

Next th4 influence of a superharmonie on the RF-acceptance will be treated. 

Finallylthe result of botheffects on the Touschek life times will be 

treated., 

§3.1: The sinusoirlal acceleration voltage. 

We assume the common case of the RF-acceleration voltage to be sinusoirlal 

(see fig.3.1): 

(3.1) 

where ~=maximum RF-voltage. 
I 

h ~ harmonie number = frequency of the RF-system divided by the 

!ei reulation frequency of the particles. 
I 

w
0 
~ angular circulation frequency. 

t d time. 

The partiele which has the ideal energy and follows the ideal orbi t is 

called the synchronous particle. At the moment this partiele passes through 

the cavity the acceleration voltage must be exactly as large as to 

compens~te the energy U
0 

the partiele has lost during the last cycle due to 

synchrotron radiation. 
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fig. 3.1: RF-acceLeration voLtage as function of time. 

The ratio between the maximum cavity voltage and the voltage gain U
0
/e of 

the synchronous partiele is called the overvoltage q: 

(3.2) 

where e = elementary charge, 

U
0 

= energy loss per revolution of an electron. 

(For EUTERPE q ~ 3.4). The synchronous phase is hw
0

t
0

, where t
0 

denotes the 

moment the partiele moves through the cavity. Usually electron-synchrotrons 

are operated above the so called transition energy. This is the energy above 

which an increase in energy of the partiele resul ts in a decrease of 

revolution frequency. Then, the passage of the synchronous partiele occurs 

at the negative slope of the RF-voltage-time-function. 

For the acceleration voltage of eq. (3.1) the synchronous phase is then 

given by (see fig.3.1): 

(3.3) 

For EUTERPE hw
0

t
0 

= 2.85. 

When a partiele has an energy deviation wi th respect to the synchronous 

particle, it will perform energy oscillations, the so called synchrotron 

oscillations around the synchronous particle. 
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The equation descrihing these oscillations is given by: 

... 
d[E ~] ~ ED~ ---- -- [sin{hw T)-sin{hw T )] +-- = 0 dt w a dt 21r o o o 21ra dt 

0 

{3.4) 

where E = operation energy, 

a = momenturn compaction factor, 

D = {8U
0
/8E)E 

T = time of arrival at the cavity of the partiele with respect to the 

synchronous particle, T
0 

{= t
0 

+ n•revolution period, n = 0,1,2, .. ). 

This equation describes the motion of a partiele with "mass" E/aw o' 
A 

"velocity" dT/dt, which experiences a "force" eV/21r [sin{hw
0
T)-sin{hw

0
T

0
)]. 

and which is damped with a damping time constant Te = 21r/w
0

D. 

If the time of arrival at the cavity of a partiele deviates only slightly 

from that of the synchronous partiele {so T ~ T
0
), the right hand side of 

equation {3.3) can be linearized. The movement of the hypothetical partiele 

then becomes that of a damped harmonie oscillator, which angular oscillation 

frequency n is given by: 
s 

21rE 

where V'{t
0

) = time derivative of the acceleration voltage at the 

synchronous phase. 

{3.5) 

Since the energy damping time T is usually much larger than one synchrotron 
e 

oscillation period T {for EUTERPE mode B T = 37 ms while T = 2~/0 = 0.17 s e s s 
ms), we will neglect this damping term for the time being, and comeback to 

i t later. 

In the longitudinal phase space, with coordinates hw
0
T and AE these 

oscillations are then given by ellipses, for small energy deviations AE. 

These flow lines change from ellipses to the so called fish-shapes as the 

energy deviation increases. The flow line of maximal energy deviation is 

called the separatrix, for it separates the flow lines of the stabie 

oscillations {inside the separatrix) from the unstable ones {outside the 

separatrix). The area in the separatrix is called the RF-bucket. 
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In fig. 3.2. the separatrix as well as a flowline of EUfERPE mode B is 

given. Here the energy spread caused by radiation emission and the MTE is 

taken, a = 1.4 MeV. e 

fig. 3.2: Separatrix (a) and 

flowl.ine (b) of ElJfERPE 

mode B. 
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The total bunch length at a given energy spread follows directly from the 

width of the figure formed by the flow line in the longitudinal phase space. 

For a partiele of which the movement is described by equation (3.3) (while 

the damping term is neglected) the Hamiltonian H is given by: 

.... 

2e~ [cos(hw
0
T) + hw Tsin(hw T )] 

~ 0 0 0 
0 

(3.6). 

The first term on the right hand side denotes the "kinetic energy" of the 

particle, and the second term the "potential energy" cP(T). 

In figure (3.3) the potential energy cP(T) for EUTERPE as function of T is 

given. 

fig.3.3: Potentint energy 

as function of T. 
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The synchronous particles are at the "bottoms" of the potential valleys. 

Particles with a deviating energy move horizontally between the walls of one 

of the valleys. The vertical distance from such a horizontal line to the 

potential curve is a measure for the kinetic energy deviation with respect 

to the synchronous particle. 

The energy spread of the particles within a bunch can be represented by a 

"pool" in the potential valley, the width of which gives the total bunch 

length, 2a
1

: 

{3.7) 

An analytica! expression for the half bunch length is given by {Sands, '70): 

ac FEe] 
al = n lË 

s 
{3.8) 

where n is the angular synchrotron oscillation frequency, given by eq. 
s 

{3.5). From this i t is clear that the bunch length can be increased by 

decreasing the slope of the RF-voltage at the synchronous phase. 

One way to do this, of course, is to decrease the maximum RF-voltage, as 

al ready mentioned in chapter 2, but this wi 11 also decrease the energy 

acceptance of the RF-system. Another way is to add a superharmonie to the 

RF-voltage. This will be shown in the next section. 

§ 3.2. Effects of a superharmonie 

When a superharmonie is added to the RF-frequency, two effects occur: 

1: The slope of the RF-voltage at the moment of passage of the synchronous 

partiele changes; 

2: The RF-acceptance changes. 

Both effects will be discussed in this section. 
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§ 3.2.1. Change of bunch length 

When a superharmonie is added to the RF-frequency, the following parameters 

are important for the change of bunch length (see fig. 3.4): 

1: The phase of the superharmonie with respect to the ground frequency, 

hwotph; 
2: The order of the superharmonic, n-1; 

3: The relative strength of the superharmonic, ~; 

4: The energyspread of the particles in the bunch, a . 
e 

1.5 
a 

1.0 

~ 0.5 
.! ·. 
/ . . . 
I 

<> 
'-... 0.0 .,......._ ..... ........... 
> 
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-1.0 
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0
t 
ph 

-1.5 
0 .!.. 3 4- 5 6 

hw 
0
t 

7 

fig. 3.4: RF-voltage (a) when a superharmonie (b) is added; the dashed 

curve is the RF-voltage without superharmonic. 

With a superharmonie added the RF-voltage becomes: 

~ 

V(t) = V [sin(hw t) + ~ sin(nhw (t-t h))] o n o p (3.9) 
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The slope at the moment of passage of the synchronous partiele is then given 

by: 

(3.10} 

where t
0 

is the moment at which V(t) (from eq. 3.9) equals U
0
/e. 

Now we are going to inspeet the influence of the four parameters on the 

bunch length. Also the influence of a harmonie on the synchrotron 

oscillation period T will be considered. 
s 

The phase of the superharmonie with respect to the ground frequency 

In fig. 3.5 the slope of the RF-voltage at the synchronous phase as function 

of the phase of the superharmonic, hw
0

tph is given. This is done for the 

first superharmonie (n=2}, and for several values of ~. The resul ts for 

higher superharmonies are similar. 

fig. 3.5a: SLope of the RF-voLtage 

function at the synchronous 

phase as function of the phase 

of the superharmonic. 

fig.3.5b: AcceLeration voLtage 

without superharmonie. 
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Apparently. the smallest slope occurs when the phase of the superharmonie 

hw
0

tph equals the synchronous phase in absence of any superharmonic, as 

given by eq. 3.3. Furthermore, this phase is independent on the relative 

strength ~· 

This result also follows from the following reasoning: 

If we want a sine function wi th a negative slope to become less steep at 

some point, a sine function wi th a pos i tive slope must be added at that 

point. The slope of the harmonie is at maximum (and positive) at the zero 

crossing. So, the zero crossing of the superharmonie must be put at the 

point the slope of which we want to become less negative. 

The relative strength of the superharmonie 

In figure 3.6 the slope of the RF-voltage 

as a function of the relative strength of 

4. The phase of the superharmonie is equal 

= hc.J
0

T
0

• 

fig. 3.6: sLope of the RF

voLtage at the synchronous 

phase as function of the 

reLatiue strength of the 

superharrnonic. 
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At some value of ~· ~*· the slope becomes zero, which would imply an 

infinitive bunch length. 

The values of~* for different n's are given in table 3.1. 
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table 3.1: Values of~* 

n ~* 

2 0.47 

3 0.32 

4 0.23 

What really happens when ~ reaches ~* becomes clear from the potential 

curve of the particle, when a superharmonie is present. Then the potential 

energy is given by : 

{3.11) 

where for the pha.se of the superharmonie the synchronous pha.se without 

superharmonie bas been taken. 

This potential is drawn in fig. 3.7, for different ~·s and n=2. For n=3 the 

results are similar. Apparently, the parabolic sha.pe of the potental valley, 

for which eqs. 3.5 and 3.8 are derived, is no longer conserved as ~ 

increases. 
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fig. 3.7: PotentiaL vaLLey at severaL vaLues of the 

reLative strength ~ of the superharmonic. 
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Now the total bunch length is determined by measuring the width of the 

figure described by the flow line in the longitudinal phase space. To draw 

these flowlines the expression for the Hamiltonian (3.6) must be used, with 

the potential term replaced by the right hand side of equation 3.11. The 

value of H, the total energy, is constant on one flow line, and equals the 

maximum kinetic energy deviation from the synchronous particle. This occurs 

when the partiele is at the synchronous phase (as long as ~ < ~* ,which we 

shall see later). So: 

(3. 12) 

From this equation an expression for AE = AE(hw0T) is obtained. In Fig. 3.8 

this function is given for EUTERPE, for different ~·s and for n=2 and n=3. 

In fig. 3.9 the resulting total bunch lengtbs are given as function of ~· 

for n=2 , 3 and 4. In this figure also the bunch lengtbs as calculated by 

eqs. 3.5 and 3.8 are given. 
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fig. 3.8: Flowlines in energy phase space at uarious ualues of ~ 

(EllfERPE mode B, n = 2). 
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fig. 3.9: Totat bunch Lengths measured from the ftowtines (sotid curves) 

and catcutated with eq. 3.5 and 3.8 (dashed curves) as function 

of ~ for n = 2, 3 and 4. 

Apparently, for ~ > 0.4 (n=2} , ~ > 0.25 (n=3} and ~ ~ 0.15 (n=4} 

expressions 3.5 and 3.8 are no longer valid. 

What happens when ~ becomes greater than ~* is shown by the potential 

curve for which ~ = 0.5 in fig. 3.7. 

A small hili bas arisen in the potential valley, which may cause the bunch 

to split in two, when the energy spread is small enough. In case the energy 

spread is large enough for particles to move from the one subvalley to the 

other, the bunch bas two points of highest density. 

In each of these cases we cannot take for the synchronous phase the one 

given by eq. 3.3. Per bunch there are now two synchronous phases: The points 

beside the hili at which the slope of the potential curve is zero. 

To draw the flowlines in the longitudinal phase space, for hw
0

T
0 

the phase 

with the lowest potential energy must be taken. However, this bas not been 

done in this report. 
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The order of the superharmonie 

When tph = t
0 

is taken in eq. 3.10 the slope of the RF-voltage at the 

synchronous phase becomes: 

A 

V'(T
0

} = Vhw
0 

[cos(hw
0

T
0

} + ~n] (3.13) 

It follows that ~*· the value of ~ at which the slope becomes zero, is 

proportional to the inverse of n, which gives the order of the 

superharmonic. From fig. 3.9 it becomes clear that the maximum bunch 

lengthening (obtained when ~ ~ ~*} decreases when n increases. 

The energy spread of the particles 

In fig. 3.10 the flow lines in the energy phase space are given for n=2 and 

~ = 0.2, at different values of the maximal energy deviation, AEmax 

Fig. 3.11 gives the total bunch lengtbs as measured from these flow lines as 

function of the energy spread, for different values of ~ and for n=2. 
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fig. 3.10: Flow lines in energy phase space at several ualues of 

the energy deuiation AE (~=~x, n=2). 
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fig. 3.11: Total bunch length as function of the energy spread for various 

values of ~; n = 2. 

For ~ > 4 the bunch lengtbs do not vary proportional to the energy spread. 

It turns out that for n = 3 this is the case when ~ > 0.25 and for n = 4 

when ~) 0.15. For these values of~ the energy spread due to the Multiple 

Touschek Effect cannot be calculated with the metbod of §2.2 anymore, since 

there the bunch length is assumed to be proportional to a . 
e 

Bunch length when hw t his not the synchronous phase. 0-p 

In this section we inspeet whether eqs. 3.5 and 3.8, which are pointed out 

to be useful for calculating the bunch length when the phase of the 

superharmonie equals the synchronous phase, are still valid for other 

phases. 

This is done by calculating the bunch lengtbs using eqs. 3.5 and 3.8 at 

various phases of the superharmonic, for ~ = 0.4 while n=2. Next these 

lengtbs are compared to the lengtbs as determined from the flowlines in the 

longitudinal phase space. 

The results are given in fig. 3.12. It turns out that only when the phase of 

the superharmonie approaches the synchronous phase without harmonie, the 

real lengtbs deviate from the calculated ones. 
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From this we may conclude that eqs. 3.5 and 3.8 are valid as long as the 

slope of the RF-voltage function is not too small . 
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fig. 3.12: Total bunch length of EUTERPE mode B as function of the phase of 

the superharmonie measured from the flow lines (points) and caculated 

using eg. 3.8 (curve). 

Synchrotron oscillation freguency 

It is necessary to inspeet whether the damping times are still much longer 

than the synchrotron oscillation periods when a superharmonie is added. 

When this is not true, it is not allowed to measure the bunch lengtbs from 

the flow lines, since then the total energy is assumed to be constant. 

When the parabalie approximation of the potential curve ~(T) is no longer 

valid (~ ~ ~*). Os (and so Ts) cannot be calculated with eq. 3.5. In that 

case, other {numerical) methods must be used to calculate 0 , for instanee 
s 

as given by Hoffman and Myers ('80). Then T is given by: 
s 

where W = AE/w
0 

cp = hw
0
T. 

(3.15) 

In this report the periods T will be calculated with eq. 3.5 at the values s 
of ~ for which eq. 3.5 bas turned out to be useful. The results are given 

in fig. 3.13. 
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At the maximum values of ~ the oscillation periods are still much smaller 

than the damping time {37 ms). It is therefore allowed to use the 

approximation where the damping is neglected, which is done up to now. 

§3.2.2: Change of the RF-acceptance 

For the RF-voltage function given by eq. 3.9, the Hamiltonian becomes: 

{3.16) 

where hw
0
T is replaced by ~. hw0 Tph by ~ph' hw0 T0 by ~0 and AE/w0 by W. 

The variables ~ and Ware canonical, which means: 

aH 
= - a~ {3.17) 
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Fixed points have ~ = W = 0, so we have: 

I w = 0 (3.18) 

The phases of these fixed points are the phases at whieh the aeeeleration 

voltage equals U
0
/e, so one of the phases is the synehronous phase ~0 . The 

other one eorresponds with one of the tops of the potential funetion, where 

the energy deviation from the synehronous partiele is maximal for a partiele 

to stay in the buneh. This is the unstable point ~ . 
u 

The equation of the separatrix follows af ter substi tution of the unstable 

point (W=O, ~~) in eq. 3.16. Then eq. 3.16 gives the value of H on the 
u 

separatrix, H , for the separatrix goes through the unstable point: s 

In fig. 3.14 the separatrix is given when a superharmonie is added to the 

ground frequeney of EUTERPE (n=2, ~:0.45, ~ph = ~0 ). In this figure also 

the separatrix without superharmonie is given. 

1.5 

1.0 

0.5 
.. ········· 

........_ 
> cv 
~ 0.0 '--' 

w 
<l 

-0.5 
·. 

-1.0 

-1.5 _, 
0 4 5 6 

fig. 3.14: Separatrix of EUTERPE with (soLid curve) and without 

(dashed curve) superharmonie (n = 2, ~ = 0.45). 
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The maximal energy deviation (energy acceptance) follows after insertion of 

the stabie point (W=0.~=~0 ) into the equation of the separatrix: 

In fig. 3.15 a+b the RF-acceptance AErf is given as function of <Pph' at 

different ~·s and for n=2 and n=3. 
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fig. 3.15: RF-acceptance as function of the phase of 

the superharmonie (a: n = 2, b: n = 3). 

5 6 

Apparently, for several values of <Pph the energy aceeptanee is less than 

without superharmonie. This can also be seen in figure 3.14, where the 

height of the separatrix with superharmonie is less than without 

superharmonic. 

It follows that for <Pph = 0.85 the enlarging of AEbf is maxima!. In fig. 

3.16 we see that for this value of <Pph the potential valley is deeper than 

without a superharmonie added to the RF-voltage. 

1 
l 
I 

7 



fig. 3.16: Potenttal energy as 

function of T, wtth (soltd 

curve) and without ( dashed 

curve) superharmonic. The 

phase of the superharmonie 

is the phase at which AErf is 

maximal, uil.ich is not the 

synchronous phase of the 

ground frequency. 
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§ 3.3. The effects on the Touschek life time. 

8 10 
hCJ T 

0 

12 14 

Comparing figs. 3.15 and 3.5, i t can be seen that for phases of the 

superharmonie at which the bunch lengthening is maximum (smallest slope) 

usually AErf is smaller than without superharmonic. Evenso, for the phases 

at which AErf is maximum, the bunches are smaller than without 

superharmonic. 

So, an optima! phase for the superharmonie must be found, at which both 

effects cooperate for the Touschek life time to be at a maximum. To do so, 

the Touschek life times are calculated at various phases of the 

superharmonic, while keeping n and ~ constant. Because the bunch lengtbs 

are calculated using eq. 3.6, ~must not be taken too high (see §3.3), so 

~ ~ 0.4 (n=2) or ~ ~ 0.25 (n=3). 

The resul ts as well as the ground frequency are given in fig. 3.17. The 

Touschek l ife time is given versus the phase of the superharmonie, at 

different ~·s and for n=2 and n=3 for EUTERPE mode B. These life times are 

calculated by taking the averaged bunch dimensions (see chapter 2). 

Furthermore, the transversal and longi tudinal deviations from the 

synchronous partiele are assumed to be Gaussian distributed. The 

longitudinal distribution however won't be Gaussian anymore when a harmonie 

is added. This has not been taken into account in the calculations. 

16 
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fig. 3.17: Touschek life time of EUTERPE mode B as function of 

the phase of the superharm.onic, for n = 2 (a) and n = 3 (b). 

Also the acceleration voltage without superharmonie is given (c). 
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From these figures two conclusions can be made: 

First, the optimal phase of the superharmonie to obtain long Touschek life 

times is the ~ynchronous phase when no superharmonie is added, except at low 

values of ~ when n=2, where the maximum of the Touschek life time is 

reached at other phases of the superharmonic. Apparently, the elangation of 

the Touschek life time at high ~·s is determined by the bunch lengthening, 

while at low ~·s the influence of the change of AErf plays a role. 

The accuracy of the phase of the superharmonie with respect to the ground 

frequency must be about 0.2 %. 

Secondly, the life times without Multiple Touschek Effect are nearly doubled 

at higher values of ~· which is not the case when the MTE is taken into 

account. Then the elangation of the life time is less. 

As expected, when the bunch volume increases the energy spread due to the 

MTE decreases, which decreases the life time elangation due to the MTE. We 

saw this already in chapter 2. 

As mentioned before, the procedure mentioned in §2.2 to calculate the MTE 

can not be used at high values of ~ (~ ~ ~*). The Touschek life time 

without MTE however can be calculated just by inserting the bunch length as 

measured from the ellipses (see §3.2.1) in the expression for the Touschek 

life time, eq. 2.20. 

The resul ts are given in fig. 3.18, where the Touschek life times as 

function of ~ are given for n = 2, 3 and 4 for EUTERPE mode B. 

Apparently, the maximum elangation of the 1 ife time (without MTE) can be 

reached when n=2. Then the Touschek life time is abouth three times longer 

than without superharmonic. Though the maximum elangation becomes less when 

n is increased, we see that at highervalues of n the necessary amplitude of 

the superharmonie to elongate the life time by a certain factor becomes 

smaller. This might be a reason to apply a second (n=3) or third (n=4) 

superharmonie instead of the first one (n=2) to elongate the life time. 
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fig. 3.18: Touschek life time as function of the relative strength of the 

superharmonic, for n = 2, 3 and 4 and for optimal phase (ElJfERPE mode B). 

When the MTE is taken into account, the elangation is much smaller. Though 

it is a quite "rough" method to extrapolate the curves until ~ = ~*· this 

is necessary to get an idea of the increase of Touschek life time at these 

values of ~- Doing so, the Touschek life time (now with MTE) turns out to 

be roughly elongated by a factor 2, when ~ = ~* (n=2). Also, for n=4 no 

elangation of the Touschek life time with MTE is obtained. 
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§ 3.4: Summary of the results 

Adding a superharmonie to the ground frequncy of the RF-system increases the 

Touschek life time, when the phase of the superharmonie is the synchronous 

phase without superharmonic, and bas an accuracy of about 0.2 %. 

With no MTE taken into account, the life time of EUTERPE mode B wi th 

superharmonie may be three times as large than without superharmonic. This 

elangation decreases when the Multiple Touschek Effect becomes important. 

Then the elangation is about a factor 2. 

This elangation is obtained wi th the first superharmonie (n=2) and a 

relative strength ~ = 0.47. At higher relative strengtbs the bunches will 

split. 

The code TOUSCHEK can be used to calculate the life times when a 

superharmonie is added. However, for calculating the MTE the relative 

strength of the superharmonie must not be too large, since then the 

analytica! expression for the bunch dimensions is not valid anymore. The 

Touschek life time without the MTE can be calculated by measuring the bunch 

length from the flow lines in the longitudinal phase space, insteadof using 

the analytica! expression. 
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Chapter 4: Life time due to gas scattering 

If an electron scatters at a gas atom in the vacuum chamber of the ring, 

several effects may occur. 

First a betatron oscillation may arise, with an amplitude greater than the 

dimensions of the vacuum chamber. So the partiele will hit the wall and 

will be lost. 

Secondly, a partiele may loose some of it's energy by transferring it to an 

atomie electron, or because of the brehmsstrahlung emi tted due to the 

deflection. If this energy loss is greater than the RF-acceptance, the 

partiele will be lost. 

Thirdly, if the ar i sen betatron osci llations or the energy loss do not 

result in a loss of the electrans they may increase the transversal bunch 

dimensions. 

Fourthly, an electron may ionise a residual gas atom. This resul ts in a 

positive space charge around the beam, because the released electrans will 

move to the walls of the vacuum chamber. 

In this chapter these four effects on an electron beam in EUTERPE will be 

considered. The general theory of §4.1 and §4.2 can be found in Halssinski 

{ '65} or in Le Duff { '85}; for a more detailed study on scattering of 

relativistic particles by atoms we refer to Moliere {'47} or to 

jackson { '75}. An expression without derfvation for the life time due to 

gas scattering can be found in Thompson and Poole { '79}. 

§4.1: Partiele loss due to gas scattering {Haissinski. '65) 

In the first part of this paragraph the cross sections for partiele loss 

due to elastic and inelastic scattering at nuclei and at atomie electrans 

will be calculated. 

In the second part the life time due to this gas scattering will be 

calculated. 

§ 4.1.1: Cross sections for partiele loss 

Deflection due to scattering at atoms 

In consiclering deflection due to scattering at gas atoms we only need to 

look at scattering at nuclei, for scattering at atomie electrans merely 
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resul ts in an energy loss of the scat tering partiele rather than in 

deflection (Jackson, '75). 

The differenttal cross section for elastic scat tering at a nucleus wi th 

atomie number zi. dai1' is given by: 

dO 

where r = classica! electron radius = 2.8•10- 15 m, 
0 

zi = atomie number, 

a = scattering angle, 

dO = scattering solid angle. 

( 4.1) 

This formula is only valid for small angles, where sin(a) := a. However, 

though the angles concidered here are small, they are not small enough to 

take the screening effect of the nuclei by the atomie electrons into 

account. 

If 'P is the angle of the plane of deflection then 9 cos( 'P) is the 

projection of this angle on the horizontal plane, and a sin('P) is the 

projection on the vertical plane. (See fig. 4.1) 

fig.4.1: Definition of angles. 

Assuming the ar i zing horizontal and vertical betatron osci llations to be 

sinusoidal, we can calculate the amplitudes of these oscillations from the 

Startingangles given above. The horizontal amplitude is given by ~ 9 COS!/) x 
and the vertical by ~ a sin!/), where ~ is the reduced wave length. z 
Fora loss of the electron the condition for a and 'P is: 

(4.2) 
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where a and b are the horizontal and vertical axes of the elliptical vacuum 

chamber respectively. 

From eq. 4.2 a minimum scattering angle a i can be defined, for which the m n 
scattering partiele gets lost. 

Then, integration of a. foliowed by integration of~ of eq. 4.1 gives: 

0 a min 

d~a = (4.3) 

For EUTERPE this leads to a 11 = 2.5·10-30 Z~ m2
, where ~x = 0.95 m, 

~ = 1.22 m, a= 0.02 mand b = 0.01 m have been substituted. z 

Inelastic scattering at nuclei 

An electron which is deflected radiates away so called bremsstrahlung. If 

the energy of the emitted pboton is larger than the RF-acceptance AErf' the 

partiele will be lost. 

Also, when the dispersion function around the ring is not zero, the 

partiele will deviate from the design orbit. If this deviation is larger 

than the dimensions of the vacuum chamber, the partiele will hit the wall 

and get lost. 

So the maximum energy loss of the partiele not to get lost, AE is 
max 

determined by the least of the two limitations: 

1: Limitation due to the energy acceptance: 

The partiele gets lost if the energy loss exceeds the energy acceptance of 

the RF-system, AErf" For EUTERPE AErf = 1.1 MeV, see chapter 3. 

2: Limitation due to the vacuum chamber dimensions: 

The maximum deviation from the design orbit of a partiele with a deviating 

energy, Ax , is given by: 
max 

(4.4) 

where ~max = the maximal value of the dispersion function around the ring 

E = the partiele's energy. 
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The partiele gets lost when Ax ~ a, where 2a is the radial vacuum chamber 

diameter. For EUTERPE {mode B) the energy deviation at which a partiele 

hits the vacuum chamber is 8 Me V, where TJ = 0. 8 m and a = 2 cm are max 
assumed {Uythoven, '87). 

Apparently, the maximal energy loss is determined by the RF-system, so: 

AE = 1.1 MeV. max 

The cross section o
12 

for partiele loss due to energy loss is then given by 

{Piwinski, '85): 

E-Eo 2_2 

o = I 4r~i 
12 137 

AErf 

[ ~1 ~·) + {~)2]· [ln{ ~~~3 ) + à<1 ~)] ~: 
i 

where AErf = energy acceptance, 

E = electron energy, 

E
0 

= rest energy of the electron, 

E' = radiated energy. 

lf we take AErf<< E this becomes: 

4r~~ 4 183 
0 i2 = _ __;;,. 3 ln{ 113) 

137 z
1 

E 
ln{n:-) 

rf 

For EUTERPE this leads to o12 = 0.57•[16-ln{Z1)] Z~ 10-30 

Elastic scattering at the electrans of the gas atoms 

2 m. 

{4.5) 

{4.6) 

lf an electron collides with an electron of one of the gas atoms, the 

latter can take over enough energy to cause the incident electron leave the 

energy acceptance. 

Baconnier {'85) gives an expression for the differentlal cross section do13 
for energy loss between E' and E'+dE', when one of the electrans is at 

rest: 

where f3=v/c. {4.7) 
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For an atom wi th atomie number Zi integration of this equation gives 

(~ ~ 1. AErf << E): 

E-E 

I 
0 EO 2 dE' 

= 21r-r -=21rE 
~ o E'2 o 

AErf 

F EUfERPE h lead 22 10-30 z or t is s to ai3 = • i 2 m. 

Inelastic scattering at the electrans of the gas atoms 

(4.8) 

The differential cross section for inelastic scattering when one of the 

electrans is at rest, ai4 . is given by: 

2 4r o E-E' [ 2E(E-E') 
dai4 =- (E) ln[O 8•E •E'] 

137 . 0 

(4.9) 

When integrating from AErf to E-E
0

, only the values of E' close to AErf 

turn out to be important. Therefore, in the logari thm term E' can be 

replaced by AErf· This gives: 

4 [ 2E
2 

] [ E 5] - ln( ) - 1 .4 ln(-) - -3 0.8E AE f AErf 8 
o r 

For EUTERPE this leads to 17•10-30 Z. 
1 

2 m. 

§ 4.1.2: Calculation of the beam life time 

( 4. 10) 

When an electron moves through a box with volume Sdx (see fig. 4.2) which 

contains N atoms, the chance for the electron to get lost, P, is given by: 
a 

(4.11) 

where a = cross section per atom for the electron to get lost. 
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fig.~.2 
e 

When N electrens move through the box, the number of electrens that gets 
e 

lost, dN , is: 
e 

dN e 

where n = number of atoms per volume unit. 
a 

( 4. 12) 

The life time T due to gas scattering of a beam passing through the box is 
g 

then given by: 

1 
T 

g 
(4.13) 

where v is the veloei ty of the scattering electrens ~ the veloei ty of 

light c. 

Because the residual gas usually consists of different molecules j wi tb 

atoms i, we have to sumover all components: 

1 
T 

g 
= 

where aji = number of atoms i in molecule j, 

nj = number of molecules j per unit volume, 

ai =cross sectien of atom i. 

If we use the ideal gas law, this expression becomes: 

where k = Boltzmann constant, 

T = absolute temperature, 

pj = partial pressure of gas j (in torr). 

( 4.14) 

( 4.15) 
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If we assume the composition of the gas to be the same as air (78% N
2

, 21% 

02 • 1% Ar), the four scattering possibilities give the following lifetimes: 

- elastic scattering at nuclei: Tl = 0.00038/p, 

- inelastic scattering at nuclei: T2 = 0.00013/p, 

- elastic scattering at atomie electrons: T3 = 0.00032/p, 

- inelastic scatt~ring at atomie electrons: T
4 

= 0.00042/p, 

where pis the total pressure of the residual gas (in torr). 

Apparently, the life time is mainly determined by the inelastic scattering 

at nuclei. 

The total life time follows from 

1 
T 

g 

This gives: 

+! 
T ' 

4 
( 4.16) 

(4.17) 

For ins tance, at a pressure Of 5 n torr a 1 if e ti me of 3. 5 hours is 

obtained. 

Two remarks have to be made at this point: 

First this life time might be a lower limit. Haissinski gives no proof that 

the two scattering possibilities at the nuclei are independent of each 

other, which means that per scattering event both deflection and the energy 

loss of the partiele may resul t in a loss. In that case only the effect 

that limits the life time mostly must be taken into account, which is in 

this case the inelastic scattering at nuclei. The same holds for the 

scattering at the atomie electrons. 

Therefore using eq. 4.16 to calculate the total life time might be a little 

pessimistic. An upper limit of the life time can then be obtained by 

consirlering only inelastic scattering at nuclei and elastic scattering at 

atomie electrons. Then the lifetime is given by: 

-5 
T = 9.2•10 /p. 

g 
( 4.18) 
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With this result, a pressure of 5 ntorr gives a life time of 5 hours. 

Secondly, the gas is assumed to be air in these calculations. However, due 

to gas desorption of the walls, induced by synchrotron radiation or by ions 

created by electron-atom collisions (see §4.3) hi tting the walls, the 

composition of the residual gas may rather differ from that of air. 

D.J. Thompson and M.W. Poole ('79) for instanee state that the residual gas 

in the ESRF-ring consists of (in order of predominance) hydrogen, 

carbon-monoxide and carbon-dioxide, with traces of other gases like 

methane, water vapour and argon. 

It is recommendable to perform more detailed studies on the composition of 

the residual gas in the vacuum chamber, for the cross sections a 1 and a2 
depend strongly on the atomie number Z .. 

1 

§ 4.2: Influence of gas scattering on the bunch dimensions 

When a circulating electron scatters at a residual gas atom, a betatron 

oscillation will arise (see §4.1). If this betatron oscillation does not 

result in a loss of the particle, it may contribute to an increase of the 

transversal beam dimensions. This depends on the number of scattering 

events per dampimg time of the betatron oscillation 

amplitude of the arising betatron oscillations. 

n, 
s 

and on the mean 

Furthermore, if the energy loss due to inelastic scattering events is less 

than the RF-acceptance, these scattering events may contribute to an 

increase of the energy spread of the particles from the beam. This results 

in an increase of the bunch length and, if the dispersion around the ring 

is not zero, in an increase of the horizontal beam dimensions. 

Haissinski however states that only the elastic scattering of the electrans 

may contribute to this transversal dimension growth, since inelastic 

scattering nearly always results in a loss of the scattering electron. 

The cross-section for elastic scattering of electrans by residual gas 

atoms, where now the screening effect of the atomie electrans is taken into 

account (because of the very small scattering angles considered bere), is 
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given by (9 ~ sin(9)) (Haissinski, '65): 

( 4. 19) 

-11 -1/3 where 9
0 

= W~. with a_'t: 5.3.10 Zi (m) = the Bohr atom radius, and 

~ = the reduced deBroglie wavelength = nc/E0~ (for EUTERPE 9
0 
~ 0.023 

Z. mrad). 
1 

The cross section for elastic scattering without loss of the scattering 

electron is then given by: 

2 
m (4.20) 

where emax follows from eq. 4.2. and eo << emax is assumed (eq. 4.2 gives 

9 = B mrad. for ~ = v/2). max 

For the number of scattering events per damping time n then follows: 
s 

n = c Tb :I n
1
.a

1
. 

s i 
(4.21) 

where Tb is the damping time constant for the betatron oscillations (for 

EUTERPE Tb ~ 0.073 s) and the residual gas is supposed to be air. 

If p = 5.0 ntorr n becomes 0.1. So, after one scattering event the 
s 

amplitude reduces to 5 • 10-5 ti mes the induced amplitude bef ore the next 

scattering event. 

The mean scattering angle 9 is calculated from the cross section given 

above, while only these scattering events are taken into account which do 

not result in a loss of the scattering particle. The mean scattering angle 



is then given by: 

e 
max 

9 = Je P(e) de 

0 

where P(9)d9 is g1ven by: 

a(9E(9,9+d9)) 

a(9E(O.e )) 
max 

- 76 -

- - 6 This gives 9 ~ (v/2)9
0

, so 9 ~ 4·10- rad for EUTERPE. 

(4.22) 

(4.23) 

The mean amplitude of the betatron oscillations induced by gas scattering 

then becomes ~ · 9 ~ 0.04 mm, while the transversal beam dimensions are 

a ~ 0.2 mm and a ~ 0.02 mm (see chapter 5). x y 
Since after one scattering event it takes about ten times the damping time 

before the next scattering occurs, we may conclude that gas scattering will 

not affect the transversal beam dimensions too strongly. 
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§4.3: Ionisation of the residual gas 

In this section the effects of ionisation of the gas molecules will be 

mentioned. Making quantitative statements would go too far for the aim of 

this report. Fora more detailed study we refer to Baconnier ('85). 

A circulating electron scattering at a residual gas atom ionizes the atom 

when the ener~ exchange to the atomie electron is large enough. The 

electrons created will move to the walls of the vacuum chamber {because of 

the electrastatic effects of the circulating beam), and cause desorption of 

gas molecules, or even sputtering of metal atoms. The composition of the 

gas in the chamber will deviate from air due to this effect (besides the 

desorption of molecules by emitted photons). For a large desorption rate 

the pressure in the vacuum chamber will rise, which has its effects on the 

life time of the beam due to gas scattering. 

The positive ions will remain in the neighbourhood of the beam because of 

the potential well caused by the electric field created by the circulating 

electrons. This partly neutralizes the electron beam. 

Since the depth of the potential well depends on the dimensions of the 

vacuum chamber as well as on the beam dimensions, it can vary around the 

circumference of the ring. So, the positive ions created may drift around 

the ring to the azimuth of lowest potential energy. The accumulation of 

ions at a particular place will rise the local pressure, which again has 

its influences on the beam life time. 

Some other effects of these ion clouds are tune shifts, because they act as 

focussing elements on the circulating beam, and the coupling of horizontal 

and vertical betatron oscillations can be enlarged. 
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§4.4: Summary of the results 

It turns out that the life time due to gas scattering depends on the 

pressure of the residual gas. At a pressure of 5 ntorr a life time between 

3.5 and 5 hours is obtained. The main effect that determines the life time 

is the inelastic scattering at atomie nuclei. 

Though gas scatterivg induces betatron oscillations, the increa~e of bunch 

dimensions due to these oscillations is negligible. 

The calculations are done assuming that the gas bas the compostion of air. 

Since the life time due to gas scattering depends on the atomie number of 

the gas atoms, 1 t is necessary to investigate the change of composi tion 

during operation of the ring. 

Also the effect of gas ionisation should be studied. 
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Chapter 5: Quanturn life time 

For any electron- or positron ring the so called quanturn life time needs to 

be considered. Due to rruliation emission and damping in the cavi ty, an 

equilibrium partiele density distribution establishes. This distribution has 

"tails" which extend to infinity, see fig. 5.1. 

-i i 
ma x ma x 

fig. 5.1: Distributton function 

So, sooner or later a partiele will move into one of the tails of the 

distribution function. The partiele will hit one of the walls and get lost, 

if the displacement from the design orbit is large enough. 

The same holds for the energy distribution function. In that case, the tails 

are cut off by the energy acceptance !Erf of the RF-system. 

In both cases the life time resulting from these partiele losses are given 

by (Sands, '70}: 

T . q,1 

T. ei 
1 e =rr. 

1 

(5.1} 

i = x,z,e 

Here is T. the damping time of the betatron or synchrotron oscillation, 
1 

i = maximal allowed deviation from the design value of quantity i, 
max 

a. = radial-, vertical- or energy spread of the particles. 
1 

For EUTERPE the quanturn life times have been calculated by Uythoven ('87}. 

However, in these calculations the Multiple Touschek Effect has not yet been 

taken into account, while, as we have seen in chapter 2, the MTE increases 

the transversal bunch dimensions and the energy spread. Therefore, in this 
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chapter the quanturn life times {of mode B) will be calculated when the MTE 

bas been taken into account. 

In §5.1 this will be done for the betatron oscillations and in §5.2 for the 

energy oscillations. 

It turned out that the Multiple Touschek Effect is important especially at 

low energies {see chapter 2). 

Therefore the quanturn life time as function of the energy will also be 

considered {§5.3). 

§ 5.1: Quanturn life time due to betatron oscillations 

To calculate the quanturn life time due to betatron oscillations, we must 

replace ai in eq. 5.1 by the half radial and vertical vacuum chamber ,max 
dimensions, a and b respectively. 

The transversal spread is given by eq. 5.2: 

where i = x,z, 

P.{s) = beta function at azimuth s, 
1 

~. = emittance, 
1 

~{s) = dispersion at azimuth s {~ {s) = 0), z 
a = energy spread, 

e 
E = operation energy. 

(5.2} 

Assuming the dimensions of the vacuum chamber to be constant around the 

ring, the particles will get lost at the azimuth where the deviations from 

the design orbit are maximal. 

In fig. 5.2 the half bunch width and the half bunch height are given as 

function of the azimuth. The vertical dimensions are obtained with a 

coupling coefficient of 0.1. 
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fig. 5.2: Radia.l. and uertf..ca.l. bunch dhtensf..ons of FlJfERPE (JROde B, ~e=0.1). 

In table 5.1 the values of a .. the vacuumchamber dimensions a and b, and (. 
1 1 

are given. 

Tabl.e 5.1: (Maximal.) deuf..a.tf..ons from. the design orbf..t a.nd the 

corresponding ua.l.ues of C. a.t 300 MeV (FlJTERPE m.ode B) 
l. 

EUTERPE 
a. vac. chamber 

ri 1,max 
(mode B) dimensions 

radial (i=x) 0.4 mm 20 mm 1250 

vertical (i=z) 0.03 mm 10 mm )125000 

The values of r. are large enough to provide infinite quanturn life times. 
1 

When the coupling between the radial and vertical betatron oscillations is 

increased, the maximal vertical spread becomes 0.15 mm (K=1), which is still 

small enough to provide long quanturn life times. 

§ 5.2: Quanturn life time due to energy oscillations 

To obtain the quanturn life times due to energy oscillations we must replace 

in eq. 5.1 i by AE f and a. by a . max r , 1 e 
In table 5.2 the results for EUTERPE are given. 
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Table 5.2: (Maximal) en.ergy deviations and C for FlJTERPE at 300 lfeV 
e 

(mode B). 

EUfERPE a (Me V) AErf (MeV) ri e 

Mode B 0.14 1.1 30 

Again the values of ri give rise to quanturn life times of many centuries. 

§5.3: Quanturn life time as function of energy 

In this section the quanturn life time as function of the energy will be 

given. 

First the life time due to transversal oscillations will be concidered. 

Next the life time due to energy oscillations will be calculated. 

Transversal oscillations 

For an order of magnitude calculation now the averaged bunch dimensions are 

taken: 

a = " R a Eo e j T /T z x z 

Without MTE the energyspread a is given by eq. 2.22: 
e 

2 a 
e 

E2 C "Y
2 C 

= __ qL..-._ - q E4 

Js Pb - E2 J p 
0 s b 

where E
0 

= electrans rest energy, 

Pb = bending radius. 

(2.27c) 

(2.27f) 

(2.22) 

So without MTE the transversal bunch dimensions decrease wi th decreasing 
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energy. In fig. 5.3 however, the energy spread with MTE is given, which 

nearly remains constant at a decrease of energy. 

020+-----~--~~--~----- 2.0 

with MTE 
OJ 1.5 

~ > 
Q) 

:2: OJO 1.0 

b Q) 0.05 

0.00~....."=--r-----,---..-----+ 
.0 .1 .2 .3 .4 

energy (GeV) 

fig. 5.3: Energy spread as 

function of energy. 

N 
b 

>< 
b 

0.5 
a 

z 
0.0 

.0 

a 
x 

.1 .2 .3 
energy (GeV) 

.4 

fig.5.4: Transversal beam dimensions 

as function of energy. 

It is clear that the transversal bunch dimensions increase with decreasing 

energy, as given in fig. 5.4 

When the energy is 25 MeV {the energy at which injection takes place) the 

factor C turns out to be 50, while C > 1000. So, even at low energies the x z 
quanturn life times due to radial oscillations are in the order of centuries. 

Energy oscillations 

In fig. 5.5 the energy spread as well as the energy acceptance are given as 

function of the energy. At E = 25 MeV, where the energy acceptance is 

minimum, the factor C becomes 3.0. At this energy the damping time of 
e 

synchrotron oscillations is about one minute. So the quanturn life time at 

this energy is 214 s. At higer energies the quanturn life time increases, as 

can be seen in fig. 5.6. 

fig.5.5: Energy spread and 

energy acceptance as 

function of energy 
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fig.5.6: Quantum life time due to energy oscillations as 

function of the energy. 

It should be noted that during acceleration from 25 to 300 MeV no 

equilibrium beam dimensions are attained, because of the large damping times 

at low energies. Therefore, the bunch dimensions and the energy spread will 

be larger than the ones calculated in this chapter. However, because the 

acceleration is supposed to take place within a second (Uythoven, '78) this 

should give no problems. 
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§5.4: Summary of the results 

Although the the MTE increases the transversal bunch dimensions as well as 

the energy spread for EUTERPE, it turns out that for mode B the quanturn life 

times are in the order of centuries. 

At injection energy (25 MeV} the life time due to synchrotron oscillations 

is 215 s, while the life time due to betatron oscillations is still 

infinite. This value is calculated for an equilibrium energy spread, which 

is certainly not reached during acceleration. Therefore the real quanturn 

life time due to energy oscillations will be somewhat smaller. 

Because the acceleration to 300 MeV takes place within a second, this should 

be no problem. 
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Chapter 6: Conclusions and recommendations 

§6.1: Conclusions 

Three effects that limit the life time of an electron beam in the storage 

ring EUTERPE have been investigated. 

The quanturn life time turns out to be about centuries. 

The life time due to gas scattering is about 3.5 to 5 hours at a gas 

pressure of 5 ntorr. Here the gas is assumed to be air. Gas scattering bas 

hardly any effect on the bunch dimensions. 

The calculated Touschek life time at a beam current of 50 mA is 90 seconds 

for mode B. In these calculations the life time is calculated as function of 

the azimuth. When the life time is calculated with averaged bunch 

dimensions, the resulting life time turns out to be about 45 seconds. 

The 1 ife times of mode A and C are not calculated, since the emi ttance 

change due to the MTE can not be calculated properly. 

In mode B the Multiple Touschek Effect elangates the life time. This effect 

increases the energy spread, which results in an increase of bunch length. 

The radial emittance of mode B is elongated by the MTE with a factor 2. 

The short life times are due to the relatively small bunch dimensions, 

caused by the small emittances, and to the small acceleration voltage. 

The small bunch volumes result in high partiele densities, which cause the 

particles to collide wi th sma.ll impact parameters. Therefore, the average 

momenturn transferred per collision into the longitudinal direction will be 

large. This also causes an increase of energy spread due to collisions that 

do not lead to partiele losses. 

The small acceleration voltage causes more particles to get lost af ter a 

callision than a large one would. 

The bunch volume can be enlarged by increasing the coupling between the 

radial and vertical betatron oscillations. This enlarges the bunch height, 

which is normally about one tenth of the bunch width. At full coupling the 

Touschek life time (with MTE) will increase with a factor of 2.5. In these 

calculations the scattering due to the vertical betatron oscillations bas 

not been taken into account. This effect becomes more important when the 

coupling is enlarged. For the SOR-ring, the increase of life time is found 

to be twice as large as the one calculated with the theory given here, when 

no MTE is taken into account. With MTE the elangation due to the vertical 

oscillations is probably less than 2. So the total elangation of the life 

time with MTE will lie between 2.5 and 5. 
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One way to enlarge the bunch length is by adding a superharmonie to the 

RF-acceleration voltage. This may decrease the slope of the RF-acceleration 

voltage-time function at the synchronous phase. 

The maximum increase of the Touschek life time (with MTE) is about a factor 

2, when the phase of the superharmonie is the synchronous phase of the 

ground frequency, with an accuracy of 0.2 %. Since the computer code 

TOUSCHEK is not able to calculate the MTE at the necessary strength of the 

harmonie, this elangation is an estimation. 

Wi th full coup! ing and a superharmonie added to the ground frequency the 

maximal life time elangation becomes about a factor 5 to 12.5, resulting in 

a life time of about 20 minutes at most. 

It should be noted that the life time elangation by applying coupling and a 

superharmonie is reduced by the MTE, since this effect decreases wi th 

increasing bunch volume. When the MTE has hardly any effect on the Touschek 

life time, which is the case for the Japanese SOR-ring, the elangation of 

the life time due to coupling and the superharmonie may be about a 

factor 25. 

§6.2: Recommendations 

lt seems that the relatively short Touschek life times are caused by the 

small bunch dimensions as well as the low cavity voltage. The bunch volume 

can be enlarged by enlarging the emi ttance, for instanee by applying so 

called wigglers. Another way to change the emi ttance is by applying other 

quadrupale settings, or of course by changing the entire lattice. 

Operation at a cavity peak voltage of 10 to 30 kV can also be recommended to 

elongate the life time. 

In the calculation of the Touschek life time the distribution of the 

relative veloei ties of the electrans wi thin one bunch is assumed to be 

rectangular. It is worthwile · to investigate whether taking a Gaussfan 

distribution would give other results in the case of EUTERPE (Volkel, '67). 

The life times are calculated with the computer code TOUSCHEK. This code 

cannot calculate the MTE when the slope of the RF-voltage at the synchronous 

phase is zero. Therefore the code must be adapted when precise life times 

are wanted when a superharmonie is added. Also, to obtain more exact life 

times when the coupling is enlarged, the effect of transversal betatron 



- 88-

oscillations must be taken into account. This bas not been done in the code 

TOUSCHEK. 

In the calculations of the life time due to gas scattering the residual gas 

is assumed to be air. Since the life time depends on the composition of the 

gas, it is useful to investigate the change of this composition due to 

outgassing of and gas desorption from the vacuum chamber when the ring is in 

opera ti on. 

Finally, it is worthwile to find a method with which the emittance change 

due to the MTE can be calculated in cases of strong focussing lattices, like 

mode A and mode C 
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APPENDIX 1: Momenturn transfer in the lab system 

A partiele moving with a relativistic velocity v bas a momenturn p given by: 

where m
0 

= the rest mass of the particle, 

c = velocity of light. 

~ = total energydivided by m0c~ 

Taking the logarithm of eq. A3.1 and differentiation gives: 

dln{p) = ~ = ~2 dv 
p V 

{Al.1) 

{A1.2) 

When the system S' moves parallel to the x-axis in system S with velocity V, 

a velocity v inS is given by: 
x 

v' +V 
x 

V = --------~-
X 2 

{1 + Vv~/c ) 

with v' = velocity inS'. 
x 

{Al.3) 

Of course, for zero velocity in the moving system S' the velocity inS is V. 

When an electron which is initially at rest in the moving bunch system S' 

acquires a velocity v' due to a collision, the velocity increase in S {the 
x 

lab system) Av becomes: x 

v' 
1 x Av x = 2 ___ ___;;.,;.,_~2-
~ {1 + Vv'/c ) 

x 

{Al.4) 
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The increase of momenturn in the lab system, Àp , then follows from eqs. Al.l x 
and A1.2: 

Av -r v' m x 2 x 0 Ap = P -- -r = __ ..;;.;;__-=-
x X V 2 x (1 + Vv'/c ) 

x 

(A1.5) 

For v' << c (nonrelativistic veloeities in the bunch system) this leads to: x 

'Y p' x 

where p' = the momenturn in the x-direction in the bunch system S'. x 

(A1.6) 
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Appendix 2: Derfvation of eg. 2.27c 

According to Sands {'70) the radial spread due to betatron oscillations axP 
can be given by: 

where T = radial damping time constant 
x 

~ = ~ {s) = radial betatron function at asimuth s, x x 
n = nurnber of sudden energy changes per second, 

e 
u = energy change, 

E = Energy of the particle, 

a = momenturn compaction factor, 

v = radial tune, 
x 

R ~ average mac~ine radius, 

{A2.1) 

The energy spread due to sudden energy changes is given by {Bruck, '66): 

where T = longitudinal damping time constant. 
e 

{A2.2) 

The radial spreads, due to quanturn emission, a and to collisions within e,'Y 
the bunches, a , then follow from eqs. A2.1 and A2.2: e,c 

T 2 aR 2 r 
a =- ~ {s) a 

V E2 xP,'Y T X e,'Y e x 

and 

T 2 aR 2 x 
a =- ~ {s) a 

V E2 xP.c T x e,c e x 

{A2.3) 

{A2.4) 
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Assuming that the collisions wi thin the beam and radiation emission are 

independent processes, both radial spreads may be added to find the total 

radial spread due to betatron oscillations: 

2 TX aR 2 2 T aR 2 
a = - f3 {~;) -- (a + a ) = ....!. f3 {s) --a 

xf3 Te x v E2 e,c e.~ Te x v E2 e 
{A2.5) 

x x 

where eq. 3.46 bas been used. 

When averaging around the ring, f3 {s) may be replaced by its typical value 
x 

f3 = Rlv , and 1/v {@) by its approximate equivalent a {Sands, '70). n x x 
This leads to eq. 3.27b: 

a 
a xf3 = R a ...;r-T-x/-:T-e- E e {A2.6) 

The deviation from the design orbi t due caused by an energy deviation is 

given by: 

a 
e 

axe = 11 E {A2. 7) 

where 11 = 11(s) = dispersion function. 

When averaging over the ring 11 is replaced by: 

and f3 by Rlv . With a= 1/v2 this gives: x x x 

a e 
a =RaExe 

{A2.8) 

{3.27a) 
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Appendix 3: The SOR-ring in Japan 

The parameters of the Japanese SOR-ring are given in table A3.1, while the 

beta- and dispersion functions are given in fig. A3.1 (Ishii, Isoyama '85). 

table A3.1: Main parameters of the SOR-ring 

Injection energy 

Nominal operation energy 

Average radius 

Bending radius 

Homentum compaction factor 

Tunes 

Lifetime 

RF frequency 

Harmonie number 

Revolution frequency 

Circulation period 

RF peak voltage 

Synchrotron frequency 

Energy loss per turn 

Critical energy of radlation 

Horizontal damping time 

Vertical damping time 

Energy damping time 

Emittance 

Horizontal beam size 

Vertical beam size 

Total pumping speed 

E • 308 HeV 

E • 380 HeV 

R • 2.78 m 

p - l.lm 

a • 0.64 

\1 -1.28 
x 

\1 . 1.22 y 
t • 240 min at 

f -RF 121HHz 

h - 7 

fREV • 17.3 HHz 

T • 58.3 ns rev 
VRF • 15 "' 20 kV 

f • 105 kHz syn 
u0 • 1.6 keV 

E -111 eV c 
t -32 ms x 
t -27 ms 

y 
t -E 

13 ms 

E • 300 nnm•rad 
x 

a • 0.91 mm 
x 

a • 0.23 mm 
y 

5600 1/s 

I • 200 mA 

Average pressure without beam P • 5 x 10-lO Torr 

The coupling coefficient is estimated as follows: 

K. = J ~ I~ ~ a /a.,R = a 1J ~ B ~ 0.25, z x z AfJ z XX 

where for ~ the value 2.2 is substituted. 
x 

(A3.1). 
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fig.A3.1: Beta- and dispersion 

functions of the SOR-ring of 

one superperi ad. 



- 97 -

Nawoord 

Bedankt Jan, Laurens, Gerard, Henk, Peter, Wim, Jan voor de prettige 

samenwerking tijdens mijn afstudeerjaar. 

Bart de Graaf 


