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Chapter 1 

Introduction 

1.1 Historica! overview 

As early as 1911, Rutherford had already used a particles which emanate from ra
dioactive elements such as Ra and Th, to investigate the inner structure of atoms. 
Since then, physicists employed man-made energetic particle beams to bombard a 
target in order to investigate nuclear structure [Nier 85]. Particle accelerators became 
important tools for experimental physicists around 1930. In 1940 the first circular 
electron accelerator, the Betatron at the University of Illinois, U.S., was invented. 
Combining RF ( radio-frequency) cavities ( accelerating gap) and ben ding magnets in 
one circular machine made the accelerators more economical to develop. Nowadays 
accelerators have been built of ever higher energy while the price per unit energy 
ga.in dropped sharply. There are many accelerators in the world for various types 
of research; important discoveries about the elementary structure of matter (e.g. 
Standard Model) result from work with those accelerators [John 85]. 

In 1929, the linear accelerator was invented. The development of the magnetron 
for radar systems demonstrated the new horizons of the power generating devices 
after the Second World War. A very successful example of an electron linac using 
a high-power klystron is the Stanford MARK III. lts construction was started in 
the end of 1949 and it became operational by the end of 1950. Electron scattering 
experiments were carried out in the period of 1953-1955 by Hofstadter in the exper
imental area of the MARK III. In 1961, the Nobel prize in physics was awarded to 
Hofstadter "for his pioneering studies of electron scattering in atomie nuclei, and for 
his thereby achieved discoveries concerning the structure of the nucleons" [Neal 68]. 

The NIKHEF electron scattering facility in Amsterdam has been built in the 
early 1980's. lts linear accelerator MEA (Medium Energy Accelerator) delivers a 
pulsed electron beam ( duty factor ,.... 1 % and energy ""' 500 Me V) which is mainly 
used for (e, e') and (e, e1 X) electron scattering experiments. However, the (e, e' X)
type coincidence experiments can be performed much more efficiently with contin
uous or high-duty factor beams. In recent years many high-duty factor accelera
tors, such as EROS (Saskatoon, Canada) [Dali 89], ELSA (Bonn, Germany) [Husm 
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4 Chapter 1. Introduction 

83], MAX (Lund, Sweden) [LinE 90), have been built for nuclear physics. Some 
other machines, such as Bates (MIT) [FlaJ 89], CEBAF (Newport News) [GruB 
87], MAMI (Mainz, Germany) [Kowa 89] are under construction. In order to keep 
NIKHEF's position at the frontier of nuclear physics, updating the present facility 
to a much higher duty factor (and a higher energy as well) is essential. A pulse 
stretcher ring, named AmPS (Amsterdam Pulse Stretcher), has been proposed for 
this purpose. 

1.1.1 The accelerator complex at NIKHEF-K 

The present facility at NIKHEF is schematically shown in figu.re 1.1. 

Transport line (AFBU Am!) 

HECH 
Hall 

ATEN 
Lab. 

Control building 

0 

Figure 1.1: The layout of the present NIKHEF facility~ 

MEA 

SOM 

This present nuclear physics facility at NIKHEF comprises a 500 MeV electron 
linear accelerator (MEA, its main parameters are listed in table 1.1), a beam handling 
system (AFBU-AFBUig systeem, the Dutch expression of Beam Swi~chYard-BSY) 
and a pair of magnetic spectrometers. One of the latter is a high-resolution (1 x 10-4) 

QDD spectrometer; the other is a large-solid angle (17 msr) QDQ spectrometer. This 
pair of spectrometers is located at the center of the EMIN hall. The beam handling 
system produces the right optica} conditions for the magnetic spectrometer(s) at the 
target location. . · 

In order to obtain the present high duty factor of (1 "'2%), the linac beam pulse 
is very wide, Tb 35 µs. The repetition rate, f"e1" is 300 Hz, so the duty factor 1J of 
MEA becomes: 

beam pul se width = Tb re = 1 %. 
time interval between pu/ses f, P 

(1.1) 
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Table 1.1: MEA main parameters (present and future). 

Present MEA Future MEA 
Emax (MeV) 500 900 
Ipeak (mA) 10 80 
Energy spread (FWHM) (%) 0.3 1-2 (0.1% after ECS) 
Beam pulse width (µs) 35 2.1 
Repetition rate (Hz) 300 400 
Ia11 (µA) 120 65 
Beam duty factor(%) -1 0.1 

The peak current of MEA at E = 500 MeV is ip = 10 mA. The average current 
delivered by MEA, Îa11 , is thus: 

Îav = 'f}ip = 200 µA. (1.2) 

The average bearn current on the target, however. is in general less than 200 µA 
hecause part of the beam is intercepted by the slit system in AFBU. The total power 
delivered is P = 100 kW. 

1.1.2 AmPS project 

In 1988 AmPS was funded to he built at NIKHEF. The present MEA facility will be 
extended, providing a high-duty factor facility for nuclear physics experiments. This 
project comprises mainly the pulse stretcher ring AmPS, hut also an update of MEA 
and the AFBU beam switchyard system. 

The full layout of the new AmPS facility is shown in figure 1.2. 
The pulse stretcher AmPS bas a square shape and a four-fold symmetrie structure. 

It is located such that the EMIN hall will be at its center. The AmPS ring tunnel 
consists of the original HECH1 hall, part of the old PIMU2 tunnel, and a. newly 
constructed tunnel. The main parameters of AmPS are listed in table 1.2, AmPS 
magnet data are given in table 1.3, while the RF parameters are listed in table 1.4. 
A detailed explanation of the parameters from tables 1.2, 1.3 and 1.4 will be given 
in §1.2. 

1 High Energy CHem.istry hall. 
2 PI ( 11"-meson) and MU (µ-meson) experimental halls are at the end of this tunnel. 
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1.1. Historica} overview 

Table 1.2: The main parameters of AmPS. 

Energy@ zero-current 
Current 

Circumference 

Revolution period 
Revolution frequency 
Betatron tune 

injected 
extracted 

gross radius 
magnetic bending radius 

Horizon tal 
Vertical 

Momentum compaction factor 
Chromaticity 

Beta function 
in normal straight 

Horizon tal 
Vertical 

in injection straight 
Horizon tal 
Vertical 

in curved 

Dispersion function 
Emittance( extracted) 

Horizon tal 
Vertical 

· Emaz = 900 MeV 

Ii = 80 mA 
Ie= 65 µA 
L = 211.618 m 
R = 33.7 m 
p = 3.30 m 
To= 0.71 µs 
frev = 1.42 MHz 

Vz = 8.300 
Vy = 7.214 
a = 0.027 
Xx = -15.0 
Xv = + 0.2 

/3z max = 16.73 m 
/3y maz = 21.05 m 

f3x max = 25.12 m 
/3y max = 19.18 m 

f3x max = 8.38 m 
/311 maz = 7.75 m 
'f/ll!max = 2.68 m 
f.x = 0.20 · 10-6 rad · m 
f.y = 0.16 · 10-6 rad· m 

7 



8 Chapter 1. Introduction 

Table 1.3: Magnet parameters. 

Dipoles 
Quantity 
Type 
Bending angle 
Bending radius 
effective length 
Field 
yoke length 
gap height 
good field (<0.1%) width 

Qua.drupoles in straight 
Quantity 
pole face 
aperture radius 
effective length 
Tip field 
gradient 
yoke length 
harmonie content@0.85r 

Quadrupoles in curve 
Quantity 
pole face 
a.perture radius 
effective length 
Tip field 
gra.dient 
yoke length 
harmonie content@0.85r 

Sextupoles in curve 
Quantity 
pole face 
aperture radius 
effective length 
Tip field 
gra.dient 
yoke length 
harmonie content@O. 75r 

N =32 
H, rectangular 
a = 11.25° 
p= 3.30'm 
l = 0.647 m 
Bma:c = 0.9 Tesla@E !::: 900 MeV 
l = 0.600 m 
g =45 mm 
±30mm 

N=36 
hyperbolic + tangential cut 
r = 47.5 mm 
l = 0.29 m 
Bmar1: = 0.22 Tesla @E = 900 MeV 
k';'a:c = 4.6 T/m 
l = 0.25 m 
< 0.1% 

N =32 
hyperbolic + tangentiai cut 
r = 35.5 mm 
l = 0.21 m 
Bma:c = 0.27 Tesla @E = 900 Me V 
k'J'a:c = 7.6 T/m 
l = 0.18 m 
< 0.1% 

N =32 
modified cubic hyperbolic 
r = 40.0 mm 
l = 0.15 m 
Bma:c = 0.034 Tesla @E = 900 Me V 
k':a:c = 21.1 T/m2 

1=0.12 m 
<1% 
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Table 1.4: RF parameters (E = 900 Me VJ. 

synchrotron radiation loss per turn 
RF frequency 

Harmonie number 
synchrotron tune 

synchrotron frequency 
synchronous phase angle 

RF peak voltage 
equilibrium energy spread(rms) 
equilibrium bunch length(rms) 

Uo = 17.6 keV 
fRF = 2856 MHz 
h = 2016 
11, = 0.031 
fp = 111/rev = 0.044 MHZ 
</>. = 171.2° 
VRF = 110 kV 
(/'€ = 0.043% 
(fl = 1.5 cm 

9 

The present MEA will be modified to serve as injector for the new AmPS facility. 
Updating the existing MEA includes several stages. The maximum energy has to be 
upgraded to the maximum operating energy Ema:r: = 900 Me V; the beam-pulse width 
has to be reduced to match the injection requirement. The detailed explanation will 
be given in Chapter 4. As shown in table 1.1, the beam-pulse width will be 2.1 µs 
rather than the original 40 µs, while the peak current will increase to 80 mA. In the 
stretcher ring mode the duty factor of MEA is then: 

,,,, = 2.1 x 10-6 x 400 ~ 8 x 10-4 • (1.3) 

The higher peak current will, due to space charge effects in the accelerating struc
ture, increase the beam energy spread to 1 "' 2% (FWHM). However, we aim for 0 .1 % 
energy spread for injection requirement of AmPS. Therefore, an energy compressor 
system (ECS) will be inserted between MEA and AmPS. An ECS consists of a group 
of ben ding magnets and an RF system ( a section of linac structure) at its end. The 
magnetic structure is designed to generate a longitudinal dispersion (in TRANS
PORT (BroR 77] notation: < l/6 >= 2.0 cm/% in our case); consequently, partides 
with different energies will traverse the physical length of the ECS in different times. 
This time dîfference allows the RF system to reduce the beam energy spread. After 
the ECS the energy spread will be reduced to 0.1 %, which is an improvement of 
about a factor 10,.,,, 15 effectively. 

The AFBU system bas also to be modified. It should now serve two purposes: 
the beam will either be delivered directly to the EMIN hall or be transferred to the 
injection region of the pulse stretcher. Figure 1.3 shows the detailed arrangement of 
the new AFBU system, where the injection line and the extraction line are also pre
sented. The emerging beam from ECS enters the first bending magnet B1. The beam 
can either be delivered to the EMIN hall via B1, ... , B2, ... , Bs, ... , B4, . .. , Bs, . . " 
to the target, or be injected into AmPS via B1, ... , B2, ... , B6, .. . , to the injection 
point. The extracted beam proceeds via B1, ... , Bs, ... , (Bs), ... , B4, ... , Bs, .. . , to 
the target. One should notice that the mid-plane of the AmPS is at 1.45 m level, 
while the mid-plane of the AFBU is at 1.30 m level. Therefore, both the injection 
line and the extraction line have to be vertically tilted to bridge this 15 cm difference. 
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Figure 1.3: A detailed arrangement of the new AFB U area. 

The current changes during the injection and extraction processes are schemat
ically shown in figure 1.4. The beam will be injected over three turns in T>n; ::::: 

3 x 0.7 µs. It will take about 2.5 ms (/rep = 400 Hz), corresponding to 3500 rev
olutions, before the next 2.1 µs pulse is injected. During the 2.5 ms period the 
circulating beam will be extracted as uniformly as possible from the machine. The 
duty factor of AmPS can theoretically reach,.., 100%. The average extracted beam 
current from AmPS will be: 

(1.4) 

1.1.3 The scope of this study 

This study will be restricted to certain aspects-the optical design ofi the stretcher 
ring rather than the whole facility. Thus the modification of MEA, the design of the 
injection and the extraction lines will not be covered in this study. 
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1 j 
SOmA-

1 r 

SOmA -

1" 

-2.5 ms 

11 

t 

--
t 

Figure 1.4: Current distribution at various locations; coordinates are not on scale. 
Ii: injected current; Ir: stored current in the ring; Ie: extracted current /rom the 
ring. 

The basic concepts of circular machine theory will be presented in this Chap
ter. The structure of the AmPS will be described in Chapter 2: the considerations 
which led to this design will be given here; the resulting parameters of the ring 
(both geometrie and optical) will be shown; the parameters chosen for the ring main 
magnets-dipoles, quadrupoles and sextupoles-will also be given. Misalignments 
and mis-settings of the magnetic elements can cause beam loss. An orbit correction 
( OC) scheme has been designed to cancel the effects of these misalignments; this 
will be discussed in Chapter 3. The resonant extraction concept will be described in 
detail in Chapter 4. The injection process, in which a "hollow" beam in phase space 
is created, will be explained in Chapter 5. In order to obtain a uniform extracted 
beam current, several methods have been investigated; the bases of these methods 
and simulation results showing the properties of the extracted beam will be given in 
Chapter 6. Chapter 7 presents the conclusions. 

N umerical simulation played an important role in the optical design of the AmPS. 
The whole design concept and the parameters chosen for the stretcher ring have been 
numerically checked thoroughly. The simulation results show that the lattice design 
and the element parameters chosen for the AmPS fulfil the specifications. The AmPS 
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is expected to provide a state-of-the-art high-duty-fäctor beam for nudear physics 
experiments. 

1.2 Particle Motion 

The concepts of particle motion applied in this study will be introduced in this sec
tion. First, the coordinate system will be defined in §1.2.1. The solution of equa.tions 
of motion will be obta.ined in first-order theory. Both transverse (§1.2.2) and longi
tudinal (§1.2.3) movement will be considered. Later on, nonlinear phenomena will be 
introduced in §1.2.4 and §1.2.5, respectively. Beam radiation damping and beam life
time will be discussed in §1.2.6 and §1.2.7. The method for particle traeking used in 
the design is presented in §1.2.8. In our study, the longitudinalspeed of the electron 
is the speed of light, because the electron energy of AmPS is in the range 102 - 108 

MeV, which is highly relativistic. 

1.2.1 Coordinate system 

The main constituents of circular accelerators are magnetic elements, such as dipoles, 
quadrupoles and sextupoles. The magnetic elements are distributed along the ring 
circumference; the arrangement of this structure is called the lattice of the machine. 
Designing the lattice is a basic procedure for a machine. Once the lattice has been 
determined, the character of the machine is more or less fixed. 

centra! trajeàory 

Figure 1.5: The used curvilinear coordinate system. 

The magnetic elements possess midplane symmetry and we assume that a circular 
machine lies in a horizontal plane coïncident with the magnetic midplane. We also 
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call this midplane the centra/ plane. 
A partide with the design energy Eo (nominal momentum po and an initial phase 

efio) is called an ideal particle. lts trajectory is called the centra/ trajectory. 
We introduce a right-handed curvilinear coordinate system which is normally 

used in beam opties. The system is schematically shown in figure 1.5. The :c co
ordinate is chosen in the radial direction of the central plane. lts positive direction 
and the positive y direction, which is perpendicular to the central plane, are shown 
in figure 1.5. The pathlength s of this ideal particle is shown in the figure. For 
completing a right-handed coordinate system we choose a third coordinate z lying in 
the centra! plane, in the clockwise direction. 

The central trajectory of an ideal particle lies in the central plane. The trajectory 
of an arbitrary particle will be slightly off the central plane as shown in the figure. 

1.2.2 Transverse motion-Betatron oscillation 

An electron passing through an electromagnetic field will experience a Lorentz force. 
lf only the first-order terms are considered, the orbit equation of motion in transverse 
space can be expressed as: 

(1.5) 

where p(s) is the local radius of curvature of a trajectory of an arbitrary particle; Ap/p 
is the momentumdifference between this arbitrary particle and an ideal particle; K(s) 
is the focussing strength, the strongest contribution of that is from the quadrupoles, 
and can be expressed as: 

Ku(s) = ;p ~~, (u = :c, y). (1.6) 

where Bp is the magnetic rigidity of the particle. 
The general solution of the first equation (1.5) includes two parts: the solution 

from the homogeneous part and that from the nonhomogeneous part. It can be 
written as 

X = Xfj + Xf. 

The solution of the nonhomogeneous part is expressed as 

Àp 
Xe = 71(s)-. 

p 

where 11(s) is called the dispersion function. 
If a genera! focussing term is introduced as: 

(1.7) 

(1.8) 
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(1.9) 

the homogeneous part of equations (1.5) can be rewritten in a genera:l form as 

d2u 
ds2 + I<(s)u = 0. (1.10) 

The u is either z or y representing the horizontal and vertical displacement, respec
tively. 

The solution of equation (1.10) can be expressed in matrix notation as 

(1.11) 

where 

( 
u(s)) 

U(s) = u'(s) (1.12) 

is a vector describing the particle's coordinates at position s (s2 or s1). u' = du/ds 
represents the slope of the trajectory. R(s2ls1) is the transfer matrix ibetween these 
two positions. R depends only on the characteristics of the lattice between the two 
positions. 

In a circular machine the driving term I<(s) in equation (1.10) is ~eriodic in the 
circumference L: 

K(s) = I<(s + L). (l.13) 

and thus equation (1.10) becomes a Hill's equation. Floquet's theorem states that 
the solution of this type of equation can be expressed via a periodic fulnction /3( s) = 
f3(s + L) [Bruc 66]: · 

(1.14) 

where A is a constant, which will be deterrnined from the initia! conditibn; /3( s) is the 
beta function; µ is a phase factor, whose physical meaning will be discussed below. 
One can observe from the equation (1.14) that if µis rea:l then the transverse motion 
is stable, otherwise the amplitude of the motion will grow exponentially. 

Courant and Snyder introduced a group of variables in the transfer matrix to 
describe the characteristics of the circular machine: Ot, /3, and r, also known as the 
Twiss parameters. With this group of parameters the transfer matrix• for a circular 
machine has the form [CouS 58]: 

R = (cosµ +.asinµ /3sinµ ) 
-rsmµ cosµ - asinµ 

(1.15) 

and (using det R = 1) 
f3r- a 2 = l. (1.16) 
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The coefficients a, /3, and r can be expressed by the elements of the transfer matrix: 

R11 - R22 
( 1.17) O' = 2sinµ ' 

fJ 
Ri2 

(1.18) 
sinµ ' 

R21 
(1.19) J = sinµ 

As has been mentioned, the transfer matrix depends only on the lattice of the ma
chine, the coefficients a, (3, and 7, therefore, depend also on the lattice of the machine 
only. In the later chapters the Twiss parameters will be frequently used. The fourth 
parameterµ in equation (1.15) can be expressed as 

R11 + Rz2 Tr(R) 
cosµ= 

2 
= -

2
-. ( 1.20) 

As we have mentioned, the condition for stable transverse motion is: µ must be real. 
This yields: 

ITr(R)I < 2. (1.21) 

as the stability condition in matrix notation. 
Theµ is called the phase advance of one period. f3(s) andµ are not independent, 

they are linked by 

- ls+L _!!!__ 
µ - s /3( r)' (1.22) 

The number of betatron oscillations ( betatron number) per turn, v-also called the 
betatron tmie-is related to µ through: 

µ 2?rv. (1.23) 

and with this parameter we can estimate the mean value of the beta function in a 
machine: 

- R 
f3= -. 

v 

where R (= L/27r) is the gross radius of the machine. 
The solution of the Hill's equation can also be expressed as: 

where 

u(s) = Av'i3(s)[sin(îfa(s) + îfao)]. 

r dr 
îfa(s) =Jo fJ(r)' 

( 1.24) 

(l.25) 

( 1.26) 

1/;( s) is called the phase shift or phase difference bet ween positions 10' and / s', î/Jo is 
the initial phase shift. 
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Courant and Snyder introduced the invariant € as [CouS 58] 

(1.27) 

This equation describes an ellipse in the uu' ( u = x, y) plane called phase space. Eu 

is usually referred to as the emittance. The shape of the ellipse characterized by 
au(s) and Pu(s) along the circumference of the machine will change, but the area 
(1reu) enclosed by the ellipse remains invariant. The Twiss parameters and the beam 
coordinates are linked by 

Uma:i: ~' 
u:na:i: = J1ueu. (1.28) 

In figure 1.6 these relations are schematically illustrated for the horizontal (xx') 
phase plane. 

x· -rn max- ' 

/ 

/ 
/ 

/ 

1 / ........... 

/ 

-!"::. __ _ 
1 

1 

1 -"+x 

Figure 1.6: Phase ellipse shows the relation between Twiss parameters p, -y, a and 
the beam coordinates. 

The xx1 and yy' planes are generally referred to as transverse phase spaces. The 
third plane is called the longiittdinal phase space, which will be used in ·the next 
section. (This third phase plane is the M plane. l represents the relativè pa.tb position 
of an a.rbitrary particle with respect to the ideal partide; fJ = ll.p/p represents the 
momentum deviation of that particle with respect to the ideal particle). A six
dime:nsional ellipsoid describes the particle behaviour in the six dimensional xx'yy'l6 
phase space. A two dimensional phase space like xx1 

( or yy') is to be considered as 
a cut through this six-dimensional ellipsoid. 
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Once the ring lattice is fixed, then the Twiss parameters of the machine are also 
fixed. The transfer matrix between two arbitrary positions along the ring now can 
be calculated by [BroS 86] 

R= 
( 

,,,/'iiJih(cosAefJ + a1 sin A,,P) 

-(l/v71il12)[(1 +a1a2)sinA,,P 
+(a2 - a1)cosAefJ] 

v71il12 sin A efJ ) 

J fJ1/ fJ2( cos AefJ 
-a2sinA,,P) 

(1.29) 

where /3i, O'j, (i = 1, 2) are the Twiss parameters at position 1 and 2, respectively. 
AT/l is the phase difference between positions 1 and 2. As a special case we consider 
one full turn in a machine, which means: 

/32 = f31; 

0'2 = O'Jj 

Î2 = 11; 

A'lf; = µ(= 211"11). 

and the transfer matrix (1.29) takes the form of the equation (1.15). 
Sometimes it is convenient to calculate .the Twiss parameters via the transfer 

matrix elements. The relation is: 

-2R11R12 
1 +2R12R21 
-2R21R22 

where Rî; is the ij matrix element between positions 1 and 2. 
Some frequently used transfer matrix expressions are listed below: 

For a drift space of length s: 

R= (~ ~) 
For a sector-type bending magnet with bending angle a and radius p: 

( 

cos a p sin a p( 1 - cos a) ) 
R = -(1/ p) sin a cos o: sin o: 

0 0 1 

For a focussing quadrupole with strength K and length L: 

R- ( cosKL (1/J<)sin/(L) 
- -KsînKL cosKL 

(1.30) 

(1.31) 

(1.32) 

(1.33) 
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1.2.3 Longitudinal motion-synchrotron oscillation 

Particles tra.velling through bending ma.gnets will lose energy due to synchrotron 
radia.tion. The total radiation loss Uo (MeV per turn) in a. circular machine is as 
follows [Jack 76]: 

E4 
Uo = 8.85 x 10-2 -

P 
(1.34) 

where Eis the electron energy in GeV, pis the bending radius in meters. Synchrotron 
loss Uo as a function of electron energy for AmPS is listed in table 1.5 where the 
bending radius is taken p = 3.30 m. 

Particles with different momentum have different trajectories. The pathlength 
diff erence as a function of momentum is expressed by the momentum compaction 
factor o:: 

(1.35) 

where L is the circumference of the ring, 6.p/p is the relative momentum change. 
The equation above can also be expressed in terms of the revolution frequency f rev, 
defined as: 

c 
frev = r· 

where c is the speed of light. Equation {l.35) now becomes: 

6.frev 6.p 
--=-o:-!rev P . 

(1.36) 

{1.37) 

For AmPS the circumference is L ::::: 212 m and therefore its revolution frequency 
frev ~ l.4MHz. 

The compensation of the synchrotron ra.diation loss can be achieved by an RF 
system insta.lied in the ring. Particles, whose energy ga.in from the RF system exactly 
equals their synchrotron radiation loss, are ca.lled the synchronous particles. The 
RF phase a.ngle for those pa.rticula.r particles is called the synchronous phase angle 
<P.. The phase <P. is a. function of the RF peak voltage (VRF) and the synchrotron 
ra.diation loss: 

</>. = 'Il" - arcsin( 1~0 
). 

YRF 
(1.38) 

The behaviour of nonsynchronous particles in the ring is described by the phase 
movement equation[Guig 77): 

d2
</> 4?r2 f'j, . . 

dt2 +--"'-(sm</>- sm</>a) = 0. 
cos '1'8 

{l.39) 

where <P is the nonsynchronous phase denoting the position of an arbitrary particle, 
f p is the phase oscillation frequency and is also called the synchronous frequency. 
f p is given by 
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f p frevJ 
VRFha 

cos<Ps· (1.40) = 21TEo 

h 
fRF 

(1.41) 
frev 

(1.42) 

where Eo is the energy of synchronous particle, h is called the harmonie number, f RF 
is RF frequency. 

In case the particle's position in longitudinal space deviates very little with respect 
tó the synchronous particles (<P """rp8 ), the term (sin<P- sin<Ps) in equation (1.39) 
can be rewritten as 

• .A. • .A. 2 <P + </J, • 4' - <Ps ("' A.. ) A.. sm..,,-sm'l's = cos-
2
-sm-

2
- ~ '!'-'l's cos'!'•· {l.43) 

so equation (1.39) now assumes the linear form: 

(1.44) 

The stability condition for the phase motion isobtained from equation (1.44): fj, > 0. 
This yields that we must have: 

cosrp8 < O. (1.45) 

This condition leads to the result of equation (1.38) (see also Appendix A). 
The differential equation (1.39) is of the same type that describes the motion of 

a pendulum. The potential of the phase motion can he expressed as 

V(<P) = Vo(cos</>+</>sin</J,) (1.46) 

where Vo is a constant. In figure 1.7 the potential of the phase motion is schematically 
shown. One can observe that the potential reaches its minimum when </> = </;,. This 
is the stable position. There are two turning points in phase motion, where the 
kinetic energy is zero, but the potential energy has reached a maximum. The phase 
of a particle will oscillate between these two turning phases. They can be derived by 
integrating equation {l.39) once and let 

This yields: 

d<Pi = 0. 
dt 

(i=l,2) (1.47) 

(1.48) 

where subscripts 1 and 2 denote the two turning phases. The first extreme phase 4'1 
can easily be derived via equation (1.39) by letting: 

d2<P 
dt2 = 0. (1.49) 
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which yields: 

</>1=11"-<f>,. (1.50) 

The second extreme phase </>2 can then be obtained from 

(1.51) 

+ 
1 ~ 

1 

Figure 1.7: The relation between the potential and the separatrix in th() longitudinal 
phase space. 

As in the transverse phase spaces, the longitudinal movement of particles can 
be descrihed in a longitudinal {ló) phase space. However, using the nonsynchronous 
phase </> is more convenient than l to descrihe the longitudinal positions of the par~ 
ticles. The coordinates l and </> are related via: 

À c 
l=-4>=--i/.>. 

211" 211"/RF 
(1.52) 

where À is the RF wavelength. The synchrotron oscillation of a particle in </>ó space is 
also shown in figure 1. 7. Particles complete one cycle in the longitudinal phase space 
called a synchrotron period. The synchrotron tune v, is used more often, however, 
than the synchrotron frequency /p. They are related through: 

- fp 
v, = -f, = 

reu 
(l.53) 
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Equation {1.53) indica.tes that it takes an electron 1/v, revolutions to complete 
a synchrotron oscillation period. For AmPS v. :::::- 0.031. This means in about every 
33 turns one complete synchrotron oscîllation will be performed. 

The contour of stable motion bounded by two turning phases is called the lon
gitudinal separatrix. The area enclosed by the separatrix is called the bucket or fish 
figure (see figure 1.7). This area represents the acceptance of the machine in the lon
gitudinal phase space. It separates the stable and unstable areas. Particles located 
inside the bucket will be stable; particles outside the bucket will eventually get lost 
because the RF voltage is not in phase with the particle movement any more. The 
maximum height of the separatrix occurs at <P =<Pa (the momentum spread reaches 
its maximum). It can be evaluated via: 

- = -- ~[-cos</>a +(-<Pa - l)smef>,] .6.p J VRF v 2 2 . 
p haEo 7r 7r 

{l.54) 

Table 1.5: Synchrotron loss per turn, synchronous angle, synchrotron tune and bucket 
height as function of electron energy. /VRF = lOOkV] 

1 E[MeVJ Il Uo[keV) q),[0
] v, Apfp[%] 1 

300 0.21 179:9 0.054 0.197 
400 0.66 179.6 0.047 0.170 
500 1.61 179.1 0.042 0.151 
600 3.34 178.1 0.038 0.136 
700 6.18 176.5 0.035 0.123 
800 10.55 173.9 0.033 0.111 
900 16.90 170.3 0.031 0.099 

1000 25.76 165.1 0.029 0.086 

An example is shown in figure 1.8 of particles movement in the longitudinal phase 
spaee of AmPS. The synchronous particle (1) is at the centra! point in the phase 
space, particle (2) performs a cycle("' 33 revolutions around </>,). Because of its 
large amplitude in longitudinal phase space, particle (3) will take a longer time to 
complete one synchrotron oscillation: after 35 revolutions only about three quarters 
of one period has been eompleted yet. This shows that the synchrotron tune v, is 
only valid for the particle whose phase angle is close to the synchronous angle. 

A group of data cakulated for AmPS is listed in tables 1.5 and 1.6, respectively, 
where it is assumed that a = 0.027, h = 2016. In table 1.5. VRF = 100 kV is fixed, 
the synchrotron loss Uo, synchrotron angle <fa,, synchrotron tune v,, and the bucket 
height Ap/p as functions of energy E are shown, while in table 1.6 fora certaîn energy 
E = 900 MeV, the synchrotron loss Uo = 16.9 keV, the parameters of synchrotron 
angle <fa&, synchrotron tune v8 , and the bucket height D.p/p as functions of RF voltage 
VRF are shown. The details of choosing RF parameters for AmPS will be discussed 
in Chapter 4. 
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The longitudinal separatrix of AmPS. At E = 900MeV, VRF = 
170.8°. The two extreme angles for separatrix are: </>1 = 9.2°, 4>2 

The movement of three particles in longitudinal phase space is also sho:wn. Their ini
tial coordinates are: ll..p/p= 0.0 and (1) </> = 170.8°; (2) </> = 205.7°; (3) </> = 274.3° 
{they are related to l = 0.05 m, 0.06 m and 0.08 m, respectively). 
The particle (4) is outsi.de the separatrix; its coordinates are D.p/p = 0.001, </> = 
308.6° (l = 0.09 m). It is unstable. 

When the ring RF frequency is lower than the injection RF frequency, one has to 
accommodate more beampulses into one single RF ring bucket. In order to be able to 
doso, the height of the bucket has to be (much) larger than the height (::::: ll..p/p) of the 
injected beam pulses. However, in the present case, fLINAC = fAmPS = 2856 MHz. 
The momentum spread of an injected beam will be less than 0.1%, which satisfies 
the injection requirement as will be discussed in Chapter 4. 

1.2.4 Resonances 

Even small, local perturbations, such as imperfections of the guide field, may lead to 
excitation of betatron oscillations. Their amplitudes of oscillation may grow exp0-
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Table 1.6: Synchrotron angle, synchrotron tune, and the bucket height as the function 
of RF voltage [E = 900 Me Vj. 

v, ~p/p[%] 1 

30 145.7 0.015 0.033 
40 155.0 0.019 0.047 
50 160.3 0.021 0.059 
60 163.6 0.024 0.068 
70 166.0 0.026 0.077 
80 167.8 0.027 0.085 
90 169.2 0.029 0.092 

100 170.3 0.031 0.099 
110 171.2 0.032 0.105 
120 171.9 0.034 0.111 
130 172.5 0.035 0.117 
140 173.1 0.037 0.122 
150 173.5 0.038 0.127 
160 173.9 0.039 0.132 
170 174.3 0.040 0.137 

nentially. These are the so-called resonance phenomena. The resonances can occur 
when V:c and v11 satisfy [Guig 78]: 

mvx +nv11 = r, (1.55) 

where m, n, and r are integers. When m and n have the same sign we call this type 
of resonance a sum resonance; if m and n have opposite sign we call it a difference 
resonance. The working point ( also called the operating point) for a machine is 
spedfied by its betatron numbers Vx and v11 in a resonance diagram. Figure 1.9 
shows a resonance diagram and the AmPS working point, which for the x-plane is 
very close toa one-third integer resonance {Vii: = 8.300). In order to extract the beam 
from a stretcher ring the resonance will be excited on purpose, as will be discussed in 
detail in Chapter 4. For storage rings those low-order resonances should be avoided. 

1.2.5 Chromaticity 

Particles with larger momentum (expressed by 6 = (p po)/Po) will experience a 
weaker focussing strength from the quadrupoles: K = Ko(l - 6) and consequently 
will have a longer period of oscillation [SerB 86]: the betatron tune reduces. 

This energy-dependent variation of the tune is called the Chromaticity x, and is 
defined as: 

(u=x,y) (1.56) 
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Figure 1.9: Resonance diagram, where the working point of AmPS is indicated: 11111 = 
8.300, Vy = 7.214 /or stretcher mode (Only the sum resonance lines are given except 
the dijference resonance line: V:c - lly = 1). 

The "natura!" value of the chromaticity for an electron machine is always negative 
(in case of AmPS, x:at = -9.39, x:at = -9.51). Usually one wants a machine to be 
"corrected" for chromaticity, i.e. X:11 ...., x11 ,..., 0. Sometimes, in order to avoid the so
called head-tail instability, a small positive value of the chromaticity is maintained: 
X111 - Xy,....,, +0.2 [ZotS 77]. 

Sextupoles can be considered as special quá.drupoles, in which the gra.dient varies 
linearly with the distance from the center. By properly tuning the sextupole strength, 
the additional quadrupole strength experienced by those off-energy particles can just 
compensate the reduction Koé. Because chromaticity exists in two transverse planes, 
at least two sextupole families are needed to control both X:11 and Xy • 'If a family of 
sextupoles with the same polarity is lócated in the machine such that the distance 
between these two sextupole families is 1r in pha.se space, then the second-order 
geometrie aberrations introduced by the sextupoles will be ca.ncelled. Chromaticity 
in the machine can be va.ried by tuning the sextupole strengths of these two families 
[BroR 77] [Brow 79] [Care 81]. 

The particle behaviour can be described by an ellipse in the transverse phase 
space (cf. eq. (1.27)). However, due to second-order effects the ellipse will be 
distorted. The excited partides oscillate with larger amplitude and eirentually will 
be lost. There is a boundary between the stable and unstable area in phase space. 
This boundary is called the separatrix (see figure 1.10) in transverse phase space. 
The area A enclosed by the separatrix is inversely proportional to the square of the 
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Figure 1.10: Separatrix (outer triangular figure) in xx' phase space at the extraction 
point. The orbits of two stable particles inside the separatrix are also shown. The 
figure shows clearly that the orbit becomes very non-linear when it approaches the 
separatrix. 
The initia/ coordinates for those particles(é = 0.15%) are: (1) x = 4 mm, x' = 
0.0; (2) x = 10 mm, x' = 0.0; and (3) x = 20 mm, x' = 0.55 mrad. 

sextupole strength I<, (the detailed discussion will be given in Chapter 4): 

1 
A °' J(2. , (1.57) 

The stable area A as function of the chromaticity and the sextupole strength for 
AmPS bas been investiga.ted. Some results are shown in figure 1.11. As shown in 
figure 1.11 the steep slope indicates that the extracted beam will have a relatively 
na.rrow energy spread as will be explained in detail in Chapter 4 (see especially 
fig.4.4). The considera.tion of choosing the chromaticityofthe machine (i.e. sextupole 
strengths) will be explained in Chapter 4 where the one-third integer resonance 
phenomenon is described in detail. 
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Figure 1.11: Separatrix area A as the .function of momentum 6 = Ll.p/p, with the 
sextupole strength K. as parameter, /or two different values of chromaticity (Xs: = 
-10 and Xs: = -15). 

1.2.6 Radiation damping 

When nonsynchronous particles interact with the .RF system their oscillation ampli
tude will be damped due to radiation damping effects. After some time the beam 
reaches its equilibrium size. Damping occurs in all three phase space planes. The 
damping times are [HelL 73): 

(1.58) 

(1.59) 

(1.60) 

with 

(1.61) 

where re is the classica! electron radius (re = 2.818 x 10-15 m); cis the velocity of 
light; mec2 is the electron rest energy; Eis the electron energy; L is the circumference 
of the machine; the Ii, ( i = 1, 2, ... ) are the synchrotron integrals. The µefinitions of 
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these are [HelL 73]: 

(1.62) 

(1.63) 

(1.64) 

(1.65) 

(1.66) 

and H is defined by: 

(1.67) 

where p is the local radius of curvature of the trajectory; n is the field index of the 
dipoles; /3 is the transverse betatron function; and 1J is the dispersion function (refer 
to the equation (1.8)); /31 = df3/ds; and 1]1 = d11/ds. The synchrotron integrals, beta 
functions and the dispersion function are lattice-dependent parameters. For AmPS 
the value of those parameters are: 

Ii = 5.7019 m; 

/2 1.9040 m-1 ; 

f3 = 0.5770 m-2 ; 

f4 -0.00614 m-1; 

Is 0.2563 m-1. (1.68) 

The equilibrium transverse emittances are indicated by Ex and iy; the longitudinal 
equilibrium relative r.m.s. energy spread 6E/E is expressed as ue; their values are: 

i:c = 
55 n 2 Is 

(1.69) ----"t . 
32.J3 mee (12 - f4)' 
1 

(1.70) f.y ~ 2ixi 
'î 

qE2 55 n 2 J3 
(1.71) ----"t 

32.J3 mee (212 + f4) · 

where n/meC is the Compton wavelength of the electron. 
Using the equations shown above the damping times and the equilibrium values 

for AmPS have been calculated as function of energy, see table 1.7, where Ty ~ Tx 

because of 14 -+ 0. t 11 -+ 0 (lh2 -+ 0) therefore it is not listed. 
In the equations shown above the coupling between two transverse planes is 

not considered. In a real machine, however, due to rotational misalignment of the 



28 Chapter.l. Introduction 

Table 1.7: Damping times and equilibrium emittance as function of electron energy 
forAmPS. 

1944 1.7710-& 977 0.014 
i 

300 1 
1 
1 

400 820 3.1510-& 412 0.019 
500 419 4.9210-& 211 0.024 
600 243 7.0910-• 122 0.028 
700 153 9.6510-& 77 0.033 
800 102 1.2610-7 51 0.038 
900 72 1.6010-1 36 0.043 

1000 52 1.9710-7 26 0.047 

quadrupoles and the dipoles, coupling exists. Assuming the coupling factor is K:, the 
emittances fa:c, t:11 e in the transverse planes a.re then [GygJ 88]: 

fa; 
(1.72) fxe = l+K2' 

K
2

t:" (1. 73) "11c = 1 +K:2· 

when K = 0, no coupling occurs; "' = 1 means the full coupling. In the latter case one 
speaks of a "round" beam because fxe = fye· A round beam may h;i some cases be 
more suitable to counteract instabilities. For AmPS, however, couplinlg is not desired, 
because the large horizontal emittance (see Chapter 5) may transfer a considerable 
fra.ction to the much smaller y phase space. 

One should keep in mind that AmPS is a stretcher ring. The filling time of 
three turns is about 2 µs (3 x 0.7 µs). Between twosuccessive injeetion pulses there 
is about a 2.5 ms period for extra.ction. While the da.mping period for AmPS at 
E=900 MeV is ,..,, 70 ms transversely and ""' 35 ms longitudinally ~See table 1.7). 
This means that before any measurable damping occurs the beam has already been 
extracted. However, it is still worthwhile to estimate the da.mping effect since in the 
commissioning period the beam may need to stay in the ring for a few minutes for 
diagnostic purposes. 

1.2. 7 Beam lifetime 

Three processes are particula.rly important in determining the beam! lifetime in the 
machine: the so-called radiation damping process, rest gas scattering, and the Tou
schek effect [Sand 79]. 

When the particles traverse the machine they will oscillate in the transverse 
planes. The particles located in the tail of the assumed gaussian distribution will be 
lost since they will hit the vacuum chamber sooner or later. The quantum lifetime rq 
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Table 1.8: Quantum lifetime as the function of the radius of the vacuum chamber. 

Xmax/<Tx 5 6 8 10 
.54 min 35.35 h 2.38 x 10 h 1.01 x 10 

of a beam is defined as the inverse of particle loss rate, i.e. the time that the number 
of particles in a beam decays to the l/e of the total number: 

_ 1 1 dN 
Tq =---

N dt 
(1.74) 

where N being the number of particles in a single bunch. 
The quantum lifetime r9 for a beam in the transverse phase space is [Sand 79]: 

<Tu 2 Umax 2 
rq,.. = ru(--) exp ( /ö ) 

Umax y2<Tu 
(1.75) 

where u is either x or y. Umax is the maximum dimension of the vacuum aperture; 
<Tu is the equilibrium beam size in transverse space. 

As an example, table 1.8 lists the quantum lifetime for different ratios of Xmax/ux 
for AmPS where r31 ::::: 70 ms. One can see from the table that the critical dimension 
for a machine is: 

(1.76) 

Equation (1.75) also holds for the longitudinal phase space: in this case Uu = u,, 
cf. eq. (1.71), and Umax expresses the bucket height Ub= (Ap/p)ma:c, which is given 
by equation (l.54). 

Now equation (1.75) can be rewritten for the longitudinal case as: 

(1. 77) 

re is given by equation (1.60). 
In order to prevent particles 'leaking' out of the RF bucket, the bucket size bas 

to be considerably larger than u,: to obtain values of rq, ~ 0.5 h, one can deduce 
from equation ( l. 77) 

(1.78) 

For practical storage rings the ratio of equa.tion (1.78) usually exceeds 10 [Sand 79]. 
The overvoltage q, defined as 

( 1. 79) 

will be substantially larger than one in the case condition (1.78) is satisfied, e.g. for 
E = 700 MeV, q,...., 40 for AmPS (/RF = 2856 MHz). 
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Usually the radius of the vacuum chamber is taken 10u11 for a storage ring. How
ever for AmPS the radius of the vacuum chamber is mainly determined by the ex
traction process-this "beam stay clear" will be discussed in detail in Chapter 4. 

Another process affecting the beam lifetime is the Touschek Effect. Transverse 
momentum of the particle can be converted to longitudinal momentunt due to elastic 
collisions (large-angle) which occur in a single bunch. Partides may get lost because 
their increased longitudinal momentum is larger than can be contained in the RF 
bucket. The time in which the number of particles is reduced to half its original 
value, is called the Touschek lifetime of the beam. Multiple (small-angle) collisions 
occur in both transverse and longitudinal spaces if the electron energy is low. The 
particles will be redistributed due to these collisions. This phenomenon is the so
called mul#ple Touschek Effect or intrabeam scattering [ZisC 86]. This effect may 
actually increase the Touschek lifetime. The Touschek lifetime may alsp be increased 
by blowing up the beam size (i.e. reduce the current density in a bunch), which 
can be achieved via transverse coupling as we have mentioned before. The Touschek 
lifetime for AmPS is given in table 1 of reference [Maa.W 88]. 

1.2.8 Particle tracking 

Analytica! methods, such as Hamiltonian mechanics and Lie algebra, can be used 
to predict the particle behaviour in an accelerator. However, these. methods are 
presently not developed to the level that they can handle the compld accelerators, 
where the electric and magnetic fields are strongly nonlinear or a high accuracy is 
required [Hage 84]. The present analytical methods provide the necessary but not 
sufficient information for machine behaviour. Nowadays computers with large mem
ory aµd fast CPU's are available. This makes the numerical approach to calculate 
particle orbits easy and attractive. · 

The tracking technique is a powerful tool for simulating particle behaviour in a 
machine. Given some selected initial conditions at position 1i1 a mapping procedure 
is designed to calculate the properties at the position 'f' via: 

(1.80) 

By tracking one can map out the stable and unstable regions in phase ispace. 
THere are several program codes which deal with particle tracking, such as DI

MAD [SerB 85], MAO [IseN 88], MARYLIE [DraN 89], PATRICIA [Khei 82], .. " etc. 
The mathematica} methods used in those codes for particle tracking, however, are 
different. In this study both DIMAD and MAD have been used for par,ticle tracking 
studies. These two programs represent machine elements by matrices. The tracking 
operation, therefore, consists of a series of matrix multiplications. In first-order this 
operation is very simple: 

Z(l) RZ(O). (1.81) 

where R is the first-order transfer matrix between two points 'O' and 'l'. The 
particle coordina.te vector is represented by Z. The transpose of Z can be written 
as zT zT(x,x',y,y',l,8) where x,x',y,y',1,6 are the particle coordinates. Ris 
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a 6 x 6 transfer matrix. First-order matrices may be concatenated without loss of 
information, e.g. 

Z(l) = R(l)Z(O) (1.82) 

and 
Z(2) = R(2)Z(l), (1.83) 

then 
Z(2) = R(2)R(l)Z(O) = RZ(O). (1.84) 

or, in case of n successive elements: 

Z(n) = RZ(O), (1.85) 

where 
R = R(n)R(n 1). "R(2)R(l). (1.86) 

In first-order theory it is possible to calculate once the total first-order transfer 
matrix of a complete machine; tracking consists then simply of solving the equation 
(1.85) for various initial conditions Z(O). 

For AmPS first-order matrices are not sufficient to describe the machine behaviour 
anymore since e.g. sextupoles can only be represented by second-order matrices. The 
imperfection of the magnets also contributes to second-order effects. The matrix 
multiplication for the second-order matrices is defined as [CarB 82]: 

7iJ1:(t) = L .Ru(2)71Jk(l) + L L '.Zi1m(2)R1;(l)Rm1:(l). (1.87) 
1 1 m 

where R(l) and R(2) are the twofirst-order matrices between points 101 and '1' , and 
points 111 and 121 respectively; the T 1 s represent the second-order matrices in these 
two intervals. 

In equation (1.87) no individual T matrices elements are multiplied together, be
cause it would yield terms of higher order than the second order, and these terms can 
not be represented by a second-order matrix. Equation (1.87), therefore, truncates 
the result to the second-order. 

Tracking of particles from points 101 to 12' via 111 can now in second-order be 
described as follows: 

(1.88) 
j j k 

zi(2) = L:Rï;(2)z;(l) + LL7iJk(2)z;(l)z1:(l). (1.89) 
j j k 

One should notice that the result obtained from the concatenation via equation 
(1.87) : 

Z(2) = T(t)Z(O). (1.90) 

differs from the tracking results obtained via (1.88) and (1.89) since in equation 
(1.90) the third-order and the fourth-order terms are not represented. 
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The expressions given in (1.88) and (1.89) have to be evalu~ted per particle 
for each element and for each turn in a machine; therefore, tracking is a very CPU
intensive operation. 

Particle tracking has proven to be a powerful tool to evaluate particle movement 
in a machine. It is, however, a numerical method. Errors will be introduced by the 
mathematica! model: the description of the particle motion may n9t be canonical. 
In order to keep the transformation canonical, the tracking procedure as given in 
equations (1.88) and (1.89) bas to be symplectic. 

If the 6 x 6 matrix M satisfies [Doug 87]: 

MJM7' = J. (1.91) 

where MT denotes the transpose matrix M, and 

0 1 0 0 0 0 
-1 0 0 0 0 0 

J= 
0 0 0 1 0 0 
0 0 -1 0 0 0 

(1.92) 

0 0 0 0 0 1 
0 0 0 0 -1 0 

then Mis called "symplectic" and equation {1.91) is called the symplectic condition. 
With a new coordinate vector Ç = ( x, Pa:, y, Py, t, Pt) the equation ( 1.87) can be 

expressed as a function of the canonical varia.bles where the following transformation 
is applied [DouF 85): 

x = x; (1.93) 

Px = (1 + 6)x1 
/ Vl + (x12 + y12 ); (1.94) 

y = y; (1.95) 

P11 = (1 + 6)111 
/ Vl + (x12 + yi2); (1.96) 

t = l/ fJ +((Lo+ l)/ fJ)fflV(l + 6)2 + (1 - fJ2)/ p2 - (1 + 5)]/(l + 5); (1.97) 

Pt = I/fJ- V(l + 6)2 + (1- (J2)/fJ2. (1.98) 

where P = vo/c is the relativistic speed of the electrons, Lo is the drcumference of 
the ring. This transformation bas been implemented in DIMAD to ensure that the 
result of the particle tracking yields a real solution to Hamiltons equation (i.e. the 
solution is 'physically possible'). Some more work bas been tried tp extend these 
expressions being symplectic to all orders [DouF 85]. 

Tracking turns out to be an important tool for simulating particle movement in 
a machine. Simulation results indeed offer a lot of useful information which at this 
moment is difficult to obtain from analytica} methods. This powerful tool is used 
through the whole study as we will describe in Chapters 4, 5 and 6. 
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Lattice of AmPS 

2.1 AmPS lattice configuration 

The earlier AmPS lattice design in 1980 was a race track type [BLue 84]. Later, in 
1986 it bas been redesigned to a square shape. The full layout of the present AmPS 
facility is shown in figure 1.2. 

The AmPS bas a four-fold symmetrie structure. Each quadrant consists of a 
90° curved section and a matching straight cell on either side. Each curved section 
consists of four identical cells, the structure of which will be shown in §2.2.1. Each 
straight section consists of two matching cells. In the two matching cells the ma.gnetic 
elements are mirror symmetrically arranged with one a.nother. The considerations 
which led to the construction of a matching cell will be given in §2.2.2. 

Some special considera.tion had to be taken into account during the lattice design 
process. One is the choice of the RF system. An RF cavity will be installed in 
the ring to compensate the synchrotron ra.diation losses as well as to control the 
extraction process. The frequency of the RF system should be harmonically related 
to the RF frequency of the injector, i.e. MEA. A 2856 MHz tra.velling wave RF 
structure bas been chosen for AmPS. lts frequency is identical with tha.t used in 
MEA. The circumference of the ring must be chosen such, that the corresponding 
harmonie number, h, is integer (and preferably divisible by 6, so that later for storage 
mode lower frequencies, like the commercially available frequency fRF = 476 MHz, 
can be chosen). Much of the existing building could be used to accommodate the 
layout of AmPS. This is another special concern for the financial consideration. 

2.2 AmPS structure 

2.2.1 Achromatic curved section 

Each curved section of AmPS comprises four identical cells. Each cell contains two 
identical dipoles, two quadrupoles (one focussing and one defocussing), and two sex-
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tupoles. The length of a cell is 5.188 meters. The element arrangement in each cell 
is schematically shown in figure 2.1. 

BPM 

0-h S-h Bend Bend 

fc2 fC3 
fc22 

onecell 

Figure 2.1: The layout of a curved cel/. Bend: dipole; Q-h(v): horizontal(vertical) fo
cussing quadrupole; S-h{v): sextupole; BPM: stripline monitor (Beam Position Mon
itor); OC-h{v): Orbit Corrector in horizontal (vertical) plane. The beam direction is 
/rom left to right. 

Each dipole has a rectangular shape. lts bending angle is 11.25°. At both ends of 
the cell a focussing quadrupole of "half' length is located; the corresponding "half'' 
quadrupole of the next cel! makes a physical "full-length" quadrupole. The locations 
of the two sextupoles are arranged such tbat the "focussing" sextupole is close to 
the position where f3:c reaches its maximum and the other one is located where /3y 
reaches its maximum. 

Beam position monitors (BPM) and steering coils (OC) are also presented in 
figure 2.1. They will be used for orbit correction as will be discussed in Chapter 3. 

Indicating the bending radius by p (m), the guide field B (kG) can be expressed 
as (energy E in GeV): 

B = 33.3564 x E. 
p 

(2.1) 

In case of AmPS, E = 900MeV, p = 3.30 m, the guide field is Bma:c ,..., 9 kG. 
This is a relatively low field. 

It is desirable to have dispersion-free straight sections (e.g. if the RF cavity 
is located at a position where the dispersion term is not zero, synchro-betatron 
oscilfations may occur). This means that the curved sections should be achromatic. 
The necessary conditions on the curved cells are derived below. 

Assume the transfer matrix (3 x 3) for one cell in the horizontal plane is Tu: 

u= x,y. (2.2) 

where 

(2.3) 
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is the geometrical part (with detR = l); D is the dispersive vector: 

D = (~). (2.4) 

The transfer matrix for n identical cells then follows: 

(2.5) 

where I is a unit matrix. Equation (2.5) can be rewritten as 

Tn= 
(

R

0

n 
(2.6) 

but 
R#I. (2.7) 

The dispersive part of Tn vanishes if: 

• 
D = 0 (trivia/); (2.8) 

• 
Rn=I. (2.9) 

The second condition yields a unit transformation for the total n identical cells: 

(2.10) 

Equation (2.10) tells tbat if the geometrie part of n identical (dispersive) cells 
is a unit transformation (refer to equation (2.9)), the total structure will also be a 
first-order achromat. 

In order to assess what conditions have to be imposed on a single cell, let us 
apply the Cayley-Hamilton theorem from group algebra [XieB 78] for the AmPS 
curved section, where four identical cells are connected {for the general case refer to 
Appendix B). It tells that a 2 x 2 matrix M satisfies the condition 

(2.11) 

where (M11 + M22) is the trace of the matrix. IMI is the determinant of the matrix. 
Applying equation (2.11) with the assumption that the trace of the transfer matrix 

R in equation (2.3) satisfies the condition 

A+D=O. (2.12) 
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solid: Bela-x dashed: Beta-y dot-dashed: Eta-x(*S) 

Machine Center. [Ml 

Figure 2.2: The Beta functions in a curved section. 

R2 = -1; 
R4 = 1. 

This ls just the special case (n = 4) of equation (2.9). 
An achromatic unit-transfer curved section means that the beam parameters at 

the beginning of the curve and the end of the curve are identical; the dispersion 
function outside the curve is zero. Such an arrangement has the advahtage that the 
bea.m passes through the curved section as if it traverses a zero-length drift space. 
The twiss parameters a.21 and a 11 at both ends of a curved section are set to zero. 
The phase ellipses in two transverse spaces at those positions are thus: upright. 

In order to obtain a unit transformation in both transverse planes ohly two condi
tions (namely eq. (2.12) for each plane) are needed from the deduction shown above. 
Two families of quadrupoles in the curved section are used for this purpose. The 
two quadrupole strengths are tuned such that the betatron tunes in both trans
verse planes are equal to 0.25 for each cell, i.e. v;ell = v;ell :;:::: 0.25. Four such 
cells are linked by half quadrupoles (see figure 2.1) and forma unit transfer section: 
v;t"'"e :;:::: v;urtie = 1.0. The dispersion function '1/:i:(s) reaches its maximum in the 
center of the curved section; '1/ma:i: = 2. 7 m. The beta functions of one curved section 
are shown in figure 2.2. 1 

Two sextupole families in the curved section serve as second-order chromatic 
tuning elements: for one particular setting of the two sextupole families the curved 
section can be tuned as a second-order achromat. (This is true, ifthe curve consists of 



2.2. AmPS structure 

Table 2.1: Sextupole strength as the function of chromaticity. 

1 operating mode 1 x,., 1 X11 Il K6eh[m-3] 1 K,m,[m-3] 1 
stretcher -15.0 +0.2 -0.686 -3.628 

storage +0.2 +0.2 3.484 -5.796 
natural -9.39 -9.51 0.0 0.0 

Table 2.2: Drift lengths and the quadropole strengths in a curved section. 

1 drift length [m] 1 quadrupole strength [m-2] 1 

fel 0.248 Kgeh 2.6235 
fc2 0.420 Kqev -2.4036 
fc3 0.868 
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four or more identical cells; this property has been proved by Brown and Carey [Brow 
79], [Care 81). However, the quadrupoles in the straight sections also contribute to 
the chromaticity of the whole machine. Therefore, setting the sextupole strength in 
the curved section to a value that produces a particular (overall) value x~ and x11 , 

will partly destroy the second-order achromaticity of the curved section. Table 2.1 
lists the possible sextupole strengths for different operating modes with respect to 
the chosen chromaticity. The detailed parameters for a curved section are listed in 
table 2.2. 

2.2.2 Phase space matching straight section 

Between two curved sections there is a""' 32.15 meters long straight section. This 
long straight section comprises two matching cells. Their magnetic elements are 
mirror symmetrically located along the orbit as shown in figure 2.3. Each matching 
cell comprises four and half quadrupoles. The half quadrupole will be combined with 
another half which is located at the end of the curved cell. The phase ellipses should 
be matched at these conjunction points for bath transverse planes. The distance 
between quadrupoles in the matching cell is gradually increased towards the center 
of the straight. The resulting increase in P-functions bas an advantage: at these 
locations bath injection and the extraction will take place ( thereby reducing the 
mechanical tolerances on injection and extraction components). The drift lengths 
and the quadrupole strengths appearing in a matching eelt are listed in table 2.3. 

As we shall discuss later in chapter 4 the tune v.., must be close to a third-integer 
resonance value n.3333 ... or n.6666 .. " since extraction will occur in the horizontal 
phase space. For AmPS the fractional part of the tune v~ is 0.300. The contribution 
to the betatron tune in each curved section is v.., = 1 as mentioned before. Therefore 
in the matching cell the betatron tune must be adjusted to reach the betatron tune 
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BPM BPM 

(a) 

BPM 

(b) 

Figure 2.3: The layout of a matching straight: (a) the previous layout; (b) the present 
layout. The element named 'sextupole' is one of the four extraction sextupoles. The 
beam direction is /rom left to right. 

requirement of the whole machine. One should bear in mind that the matching cell, 
as the name implies, needs to match a1s and {31s. In two transverse planes therefore, 
four parameters are required. The program TRANSPORT [BroR 77] was used for 
the fitting (using its 'accelerator notation' option). 

From expression (1.25) one can easily transfer the tune fitting condition to a 
transfer matrix element fitting as: 

Ri2 = V1iJi; sin~'l,b (2.13) 

and 
(2.14) 

where f31, f32 are the beta functions at the beginning and the end of the cell respec
tively, while ~'Ij; is the tune difference between these two positions in x transverse 
space. 11'11 will not be so critica} as long as it is not close to the resonance. 

The beta functions in one straight section ( comprising two matching cells) are 
shown in figure 2.4 (c). 

In the previous design there were four quadrupoles in one matching cell. The 
machine functions generated by the quadrupoles are shown in :figure 2.4(a) (upper). 
However, in the present design we have split the middle quadrupole into two pieces 
and made the two halves to a full sized quadrupole separately. A drift is inserted 
in-between. The beta functions of the present structure (below) are shown in figure 
2.4 (c). One can observe that the present structure produces a plateau in the beta 
function in the middle of the straight section. Splitting the central quadrupole into 
two pieces has advantages for both the injection and extraction processes as we shall 
observe in chapter 5. 
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Table 2.3: Quadrupole strengths and drift lengths /or normal matching cell and the 
injection matching cell. 

drift length in normal straight in injection straight 
[m] [{ [m-2] Kq(m-2] 

fml 3.00 qmhl 2.6235 qmhle 2.6235 
fm2 2.14 qmvl -1.4500 qmvle -1.4554 
fm3 4.71 qmh2 1.5494 qmh2e 1.3369 
fm4 3.22 qmv2 -0.9946 qmv2e -0.9514 
fm5 1.75 qmh3 0.6317 qmh3e 0.5306 

As mentioned before, the AmPS has a four-fold symmetrie structure. This is 
only true however, from the geometrical point of view rather than the optica} point 
of view. The four-fold symmetrie structure is distorted a little at the injection area 
as we shall explain in Chapter 5. The beta function reaches its largest value at the 
center of the injection straight section: 25 meters instead of 16 meters in the normal 
straight section. This bas been obtained via retuning the quadrupole strengths while 
keeping their geometrie positions. The envelop of the beam is proportionaJ to the 
square root of the local beta function. The change of the beta function from 16 meters 
to 25 meters will only increase the beam size by 25%. The lower picture in figure 
2.4 (c) shows the beta functions in the normal straight section, while the middle one 
(figure 2.4 (b)) is for the injection straight section. The quadrupole strengths for the 
injection straight section are also listed in table 2.3. 
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Unsplît quadrupole in lhe center. 
soHd; Beta_x dashcd: Beta_y 

Split qundru(X)le in Lhe center {lnjection straight). 

\ 
"·"·--. ........ 

Normal stra.ight. 

/\ .... 

/ \ 

' \_ 
.... ~"-

I 
/ 

/'\ 
/ . 

\; 
...... ~~~~~~~~~~~~~~~.~""~~~~~~~~~~~~ 

Machine center(m] 

Figure 2A: Comparison of Beta functions in the different injection straight sections. 
(a) upper: the old structure; (b) middle: the present injection straight; {c) lower: the 
nonna/ straight. 



Chapter 3 

Closed orbit correction 

In an îdeal n1achine particles \Vith nomlnal energy will traverse turn by turn through 
the n1achine 1 or stated 1nore precisely, the particles wilt oscillate with the betatron 
frequency around a reference orbit, which is called the c/osed orbit (e.o.) of the 
machine. 

The closerl orbit may be rlistorterl due to the misalignment of the magnetic ele
ments a]ong the machine (see 6gure 3.1). The movement of the particles may rleviate 
substantially from the designed reference orbit; this will impair both the injection 
process and the extraction process. The distorted e.o. may cause the beam to hit 
the equipment in the machine (e.g. beam position monitors or septa etc.) , and 
consequently lead to beam loss. To avoid this, a closed orbit correction scheme must 
be induded in the design of a machine. This correction should reduce the r.m.s. 
value of the observed distortions by a factor of 10 - 20. 

The closed orbit correction principle wil! be given in §3.L The closed orbit cor
rection scheme for the allowed tolerance of the magnetk elements of the AmPS will 
be given in §3.2. For injection, and for some other purposes, the closed orbit must 
be displaced locally, as we shall discuss in Chapter 5. Thus the method to displace 
the closed orbit locally will be presented in §3.3. 

3.1 The principle of the closed orbit correction 

3.1.l Misalignment effect on the closed orbit 

· ln a rca.I machine, due to imperfection of the guide field, there exist both field de
viations and gradient devïations of the magnetic field with respect to the designed 
va!ue. The field errors and the gradicnt errors wil! affect the closed orbit of the ma
chine. The mechanica! adjustment of the magnetic elemen!s along the machine also 
introduce field deviations as described above, 

A field deviation error at position i will result in a kick rl> to the beam at position 
i. Ap1)lying the circula,r machine theory1 the closed orbit deviation x a.t. position i 
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will be periodic in L, which means: 

( x) = (cosµ +.asinµ /3sinµ ) ( x ) (3.1) 
x' -1smµ cosµ - asinµ x' + </> · 

The displa.cement of the closed orbit at an arbitrary position j caused by a kick 
</> at position i can be derived via eq. (3.1) and yields the following result [Sand 79] 
[Back 79]: 

Xc(i,j) = </>~ cos(ll.t/i-11"11) 
SlD'll'V 

(3.2) 

where /3; and fJ; a.re the beta functions at the positions i and j, respectively; 11 is 
the betatron tune of the machine; and D.t/i is the phase difference between these two 
positions. As the linear theory is employed, the displacement of the .closed orbit a.t 
the position j will be the sum of the individua.l displacements contributed from each 
kick, if there is more than one kick affecting the closed orbit. 

3.1.2 The closed orbit correctors 

Assume a beam position monitor {BPM) is located at the position 2 and it is used to 
observe the closed orbit displacement x2 caused by the field errors. In order to correct 
the closed orbit displacement, an orbit corrector (OC) (also called a steering coil) 
is loca.ted at the position 1 and it generates a kick xi at this position. According 
to linea.r superposition, the effect of the orbit corrector to the closed orbit at the 
position 2 will be: 

(3.3) 

where 

../1JïfJ2 ( ) A12 = 
2 

. cos ll.,,P - .11"11 , 
SlD11"V 

(3.4) 
1 

is a function of the Twiss parameters at the two positions. As the lattice of the 
machine is fixed, the pa.ra.meter A12 for the chosen positions can be easily calculated. 

lf there are M orbit correctors insta.lied a.Iong the ring, each giving a loca.l kick 
z~, (i = 1, .", M) to the closed orbit, the total effect of M orbit correctprs at position 
j can be expressed as the sum of the individual actions: ' 

M M 

ll.x; = 2:6xi; = L:A•;xL (3.5) 
i=l i=l 

where 
(3.6) 

is the closed orbit distortion ca.used by one (the ith) orbit corrector~ while D.x; in 
(3.5) is the distortion of the closed orbit at the position j caused by all the orbit 
correctors. The coeflicient A;; has the same form as in eq. (3.4): the transfer matrix 
element bet ween the positions of the ith or bit corrector and the jth position monitor. 
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If there are N position monitors installed along the machine, equation (3.5) will 
become a group of equations. Two vectors X and X' are introduced to describe such 
a group of equations. The element flx; of X indicates the displacement of the closed 
orbit at the position where the jth beam position monitor is located, and the element 
x~ of the X' indicates the kick from the ith orbit corrector: 

[ 

flx1 l flX? 

x = /l~3 ' 

flxN 

(3.7) 

and 
X=AX'. (3.8) 

where A is a N x M matrix. Matrix A is constructed from the coefficients A;;, shown 
in eq. (3.4). The equation ( 3.8) describes the relation between the displacement of the 
closed orbit X measured by the beam position monitors and the kicks X' generated 
by the orbit correctors. 

3.1.3 The numerical method för the closed orbit correction 

In a real machine there exist always misalignments of the magnets and as a con
sequence there is a distortion of the closed or bit, Xmia, which can be observed by 
the beam position monitors. The distortion of the closed orbit at the position of 
the beam position monitors, however, can theoretically be adjusted to zero if the 
contributions to the closed or bit from the misalignment of the magnets and the or bit 
correctors at the beam position monitor are equal in value hut opposite in sign : 

X = -Xmi•· (3.9) 

A least squares fitting met.hod, which has been implemented in the program MAD, 
is used to evaluate the strengths of the orbit correctors X'. A detailed description 
of this method employed in MAD, named MICADO, has been given in [AutM 73]. 
Let XBPM be the displacement of the closed orbit as observed by the beam position 
monitors: 

XBPM = Xmi• + X. (3.10) 

The program will minimize XBPM by adjusting the strength of X'. 
The XBPM will be measured by the BPMs and A;; 'scan be calculated since the 

lattice of the machine is known. In an existing machine, ho wever, the matrix elements 
Aij can also be measured. The measurement results will provide information of the 
lattice of the machine. Nowa.days some laboratories, such as MAX in Lund[Eric 90], 
Super-ACO in France[J ua.n 90] have implemented a closed orbit correction scheme 
in which the A~;s are measured in the first place. From the measurement results, 
therefore, X' can be evaluated accurately. 
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3.2 Closed orbit correction scheme for AmPS 

3.2.1 The philosophy of the OC arrangement 

Usually the e:ff ect of an orbit corrector on the closed orbit is observed by a downstream
located (with respect to the orbit corrector) BPM; that is to say: OC and BPM occur 
in pairs. The phase difference between the BPM and OC is important for an efficient 
orbit correction scheme. Let's first consider the effect of one orbit corrector on the 
closed orbit as observed by a beam position monitor. The eq.(1.29) is applied to 
describe the deviation of the closed orbit at the BPM:. 

1 

(3.11) 

where 

i
BPM 

"1.1/J = 211"6.v = 211" v(O)dO. 
oc 

(3.12) 

It follows from eq. (3.11), that the action efJ from the OC will be the most efficient 
if the phase shift 6.f/; ("1.v) between the BPM and OC is 90°(0.25). A criterion for 
allocating the BPM and OC has thus been established: the "distance" between the 
BPM-OC pair should be in the range of 

0.15 < 6.v < 0.35 (3.13) 

The value 6.v in this range will guarantee that the strength of the OC will be at least 
80% effective. If more than one orbit corrector is installed along the machine and 
all the OCs follow this criterion, the strengths from the OCs do not cqunteract each 
otber too much. The total number of the pairs, however, is chosen according to the 
betatron tune of the machine. Therefore the total number of BPM-OC pairs will be 
,..., 4vz. The betatron tune of AmPS is Vz = 8.300 thus 32 pairs of the BPM-OC are 
insta.lied along the machine. 

3.2.2 The orbit corrector arrangement for AmPS 

The BPMs should be loca.ted at the position where the beta function is large thus the 
deviation of the closed orbit can be observed with a certain accuracy. The BPMs in 
AmPS serve for both transverse planes, therefore, the locations of the BPMs have to 
be chosen such that the beta functions in both transverse planes are relatively large. 
Some compromises had to be made to fit this requirement. The horizpntal and the 
vertical OCs are also combined as one set (window-type dipole magnets) for AmPS. 

The detailed orbit correction scheme arranged for AmPS is shown in figures 2.1 
and 2.3, respectively, where the machine lattice is presented. The AmPS has a 
four-fold symmetrie structure and the arrangement of the OC scheme follows this 
symmetry. Some tiny deviations from this symmetrie scheme occur at the locations, 
where some special devices are located, such as the RF system and the injection 
kickers. The precise positions of the BPMs and the OCs can be found in the machine 
function table of the AmPS. 
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8.2.3 Closed orbit simulations for AmPS 

As mentioned before, a numerical method bas been employed for designing the orbit 
correction scheme for AmPS. By generating a. random misalignment of the magnetic 
elements, observing the misalignment effect to the closed orbit, and then using the 
orbit correction scheme to restore the closed orbit as best as possible, one is able to 
reveal the possible weakness in the dosed orbit correction scheme. These simulations 
a.lso provide the specifications for the magnet alignment tolerances. 

The misalignment errors of the magnets in the ring are assumed to follow a 
Gaussian distribution, truncated at 2u. The CT's used in the simulation are listed in 
ta.hle 3.1, where 0":1:(y,z) indicates the displacement in z, y or z directions, respectively. 
!l.</J is the rota.tion error around the longitudina.l axis. !l.B / B is the field error. 

Ta.ble 3.1: Alignment tolerances used in the simulation for AmPS. 

element 
dipo s 

quadrupoles 
sextupoles 

mm CTz mm 
1.0 
1.0 
1.0 

u</>[mrad. 
0.3 
1.0 
1.0 

!l.B B o 
0.02 

As an exa.mple, figure 3.1 demonstrates the influence of the misalignment to the 
closed orbit and the effect of the orbit correction scheme for one particular set of 
misa.lignments. The origin of the horizontal axis is set at the injection point. The 
upper picture in figure 3.1 shows that due to the misalignment the closed orbit is 
distorted with a maximum displa.cement,.., 7 mm. 

The lower picture in figure 3.1 shows the closed orbit a.fter the correction. The 
maximum distortion of the closed orbit is now only about 0.5 mm (note the scale in 
these two pictures differs by a factor of 10). Ten different misalignment sets for the 
AmPS were generated to examine the effect of the closed orbit correction scheme. 
The simulation results (the maximum deviation and the rms deviation of the closed 
orbit; the maximum strength and the rms strength of the OCs, etc. before and 
after correction for both transverse planes) are listed in [Wu 89]. It shows a reliable 
arrangement of the closed orbit correction scheme (the proper positions of the orbit 
correctors and beam position monitors). 

The vertical bars in the horizontal axis in figure 3.1 indicate the loca.tions of 
the BPMs. The lower picture in figure 3.1 shows that the orbit correction scheme 
works such, that it tries to minimize the displacements at the locations of the po-. 
sition monitors. (All the displacements of the closed orbit at the BPMs are almost 
zero). However, this is tricky, since we can observe that at some other positions the 
displacement of the closed orbit can still be large. The displacement of the closed 
orhit through every element along the ring has been investigated. If it is in doubt 
the closed orbit in several interva.ls inside one element will be plotted. With such a 
full information one can avoid to neglect some systematic large displacement of the 
closed orbit. 
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Figure 3.1: A closed orbit correction example: upper: before the orbit correction; 
lower: after the orbit correction. (Note the vertical scale difference). The circles in
dicate the location of the quadrupoles; the vertical bars on the horizontal axis indicate 
the position of the beam position monitors{BPM). 

The individual errors to the closed orbit have also been investigated. As long as 
the errors are distributed along the ring, the infiuence is small. However, if there 
is ONE big error (say a few millimeters) somewhere in the machine the result can 
be disastrous. We prefer that all magnetic elements are manufactured as identical 
as possible rather than most of them are of very high quality hut one. The sa.me 
principle is applied to the installation of the magnets. 

The simulations also indieate the tune shift when there is a closed orbit displace
ment. In the range of the· misalignments shown above the betatron tune shift is of 
the order of 10-4 (e.g. the example shown above Llv111 ,..,. 0.0004). As in the stretcher 
ring mode such a statie deviation only slightly infiuences the interval period between 
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the injection and the extraction, and if necessa.ry one can easily retune the machine. 
It will, however, be completely without consequences for the storage mode where the 
tune is far away from the resonance. 

The size of the vacuum chambers has been chosen on the basis of these simulation 
results. The maximum beam excursion due to misalignment of the magnets should 
be less than 10 mm. The errors listed in table 3.1 are, therefore, the maximum 
allowed tolerances for the magnets. One should bear in mind that these tolerances 
are due to either the manufacture errors or the positioning errors. 

3.3 Scheme for local closed orbit displacement 

The closed orbit correction scheme described above is a global action. In some cases, 
however, a local closed orbit displacement is required for some special purposes. A 
typical example is the case for the injection. As we shall see in Chapter 5 in order 
to properly inject the beam into the machine, the closed orbit bas to be displaced in 
the vertical plane at the injection region. In this case a special procedure must be 
followed in order to keep the closed orbit globally undisturbed. 

3.3.1 Local displacement of the closed orbit 

A number of steering ( dipole) magnets located along the machine can be used to 
genera.te such a local bump of the closed orbit. Each magnet delivers a kick to the 
closed orbit. The total effect will be the sum of these magnets as the linear theory 
is employed. Figure 3.2 schematically shows the principle of the local displacement 
of the closed orbit, where four steering magnets are involved. 

Figure 3.2: A local displacement of the closed orbit. Four magnets are involved in 
the action. 

As shown in figure 3.2 a local displacement z I ( z/) of the closed or bit is generated 
at the position /. The orbit correctors k,, i = 1, ... , 4 genera.te kicks <Pi to the closed 
orbit. In case four magnets are involved for the local bump, the problem can be 
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treated as follows. The first two kickers generate the local bump at the position f, 
wbile the other two kickers will restore the orbit back to the reference closed orbit. 
Applying the eq.(1.29) again, each magnet of the first two will generate a kick to the 
dosed orbit and the inlluence to the closed orbi\ at the position f will be: 

x1(i) </i;,/PJfisin2'1f(l!i-v/)· 

x/(i) = </i;:;[cos2,,.(v;-v1)-a1sin27(v,-v,)]. 

Solving eqs. (3.14) and (3.15) yield: 

4'1 = (B2x1-A2x/)/D1; 

4'2 = (-B1x1 +A1x/)/D1. 

(3.14) 

i = 1,2. (3.15) 

(3.16) 

(3.17) 

Solving the equation for the second half of the local closed orbi\ by reversing the 
track yields: 

where 

</ia = (-B,x1+A4x/)/D2; 

4'< (Bax/ -Aax/)/Dz 

D, = A1B2 -A2B1; 

D2 AaB1 -A483. 

The coeflicients in the equations are the transfer matrix elements: 

A, = JPJfi sin 27r(111 - vi); 

B; = Jf;[cos 21r(v1 11;) - °'!sin 27r(v1 - 11,)J. 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

i= 1, ... ,4(323) 

If the local bump is generated by less than four magnets, x I and x/ cannot be 
chosen independently any more. In reference [NamB 88] three orbi\ correctors were 
used for this purpose. 

3.3.2 Local closed orbit displacement at the injection region 

As an example the local closed orbit displacement at the injection region is shown. 
The closed orbit at the injection region wil! be vertically displaced locally as we 
shall dîscuss in Chapter 5. Two fast kickers are involved for achieving this purpose. 
The location of the first kicker is at the position where upstream from the injection 
point t:i.ip, = 7r/2 phase ditference in the vertical plane. Thus in this special case 
only two kîckers have to be used (in the genera! case, as we have shown above, one 
needs four kickers). In the AmPS the location of these two kickers has been shown 
in figure 1.2. The local displacement from two kickers is shown in figure 3.3, where 
t:J.y;n; = -15 mm, white the corresponding kicker strength is - 2.75 mrad. 
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ày 
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Figure 3.3: A local closed orbit dz'splacement at the injection regioni where the vertical 
loca/ disp/acement ÁY<n; = -15 mm. The corresponding kicker strength: k1 = k2 = 
2.75 mrad. 
The location of the kickers: in tbe eastern straight shown as KI and ]{2 in figure 
{1.2). 

3.3.3 Local closed orbit displacement at the RF region 

Another example of a possible local closed orbit displacement occurs at the region 
where the RF is located. In order to avoid possible synchro-betatron oscillations, 
the RF system has to be aligned with high accuracy and the closed orbit ha.s to be 
adjusted to fit this requirement. The four orbit correctors in the RF neighborhood 
can be used for a loca.l dîspla.ce1nent correction, The simulation result shown in 
figure.s 10-14 in [Maas 90] indicates the method works welt. 

The local closed orbit displacement has been checked via tracking simulation. 
Simulation results indicate the strength of the or bit correctors fits the request of the 
local closed orbit displacement without disturbing the global closed orbit. 

During the lattice design process some readjustment of the machine lattice oc
curred hut the orbit correction scheme as a. whole remained uncha.nged. The max
imum strength needed of the orbit correctors is less than 1 mrad and the displace
ment of the closed orbit is less than :,; 1.0 mm after correction. The orbit correction 
scheme, therefore, seems to be arranged properly for the AmPS. 
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Chapter 4 

One-third integer resonance 
extraction 

In Chapter 2 the linear motion of the particles in phase space has been described. 
In Chapter 3 we have presented the effects of magnet misalignments on the closed 
orbit. In both chapters linear beam opties i!t used. A real machine, however, always 
shows non-linear behaviour, e.g. due to field imperfections of the magnets or due 
to deliberately-introduced non-linear magnetic fields. The immediate effect of the 
non-linear components is that the particle motion may not be stable anymore. This 
effect manifests itself more strongly if the betatron tune moves close to a resonanee 
value. 

In a stretcher ring the non-linearity is introduced on purpose. In AmPS the non
linear elements are the extraction sextupoles. The working point of AmPS is ehosen 
to be close to the one-third integer resonance value 8.3333 ... in horizontal pha.Se 
space: the betatron tune V:c = 8.3000. 

The transverse resonance extraction phenomenon, where the phase space will be 
divided into two parts: a stable and an unstable part, separated by the separatrix, 
will be qualitatively descrihed in §4.1. The idea of a pulse stretcher is that the 
partieles are injected into the stahle area of the phase space, and after the injeetion 
the stahle area of the phase space is gradually reduced, preferably to zero, so the 
particles will be extracted from the machine. This proeess will be described in detail 
via the motion of an individual particle in phase spaee in §4. l. l. The emittance of the 
extracted beam, determined by this process, will he discussed in §4.l.2. At present 
two vertically positioned magnetic spectrometers (QDD and QDQ) are located in 
the end station of the nuclear physics experimental hall in NIKHEF, see figure 1.1. 
The point-to-point imaging of the heam switchyard opties at the target location 
occurs ( after the optical rotator) in the vertical plane. The horizon tal emittance of 
the extracted heam from the AmPS, therefore, has to be comparahle to the present 
emittance of the linac beam. Parameters affecting the resonance extraction will be 
discussed in §4.2. In order to fulfil the nuclear physics experimental requirements of 

51 
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emitta.nce a.nd energy spread of the extracted beam, a suitable parameter choice for 
extraction will be given in §4.3 after the discussion in §4.2. Extraction simulations 
have shown that the extraction in the horizontal plane can fulfil these requirements. 

4.1 One-third integer resonance extraction 

4.1.1 Particle motion in phase space 

x• 

A 
1 
1 

s 

19 

pitch 

8 

Figure 4.1: Movement of individual parlicles in phase space close to the one-third 
integer resonance in the presence of a sextupole field. 
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Let us first observe the motion of the individual particles in the horizontal phase 
space in case the betatron tune is close to a resonance value and the extraction 
sextupoles are switched on. (See figure 4.1). 

The three unstable fixed points Pi, (i = 1, 2, 3) are shown in the picture and they 
fix the contour of the separatrix. If the particle is in the centra) part of the stable 
area, it moves just on a normal phase ellipse, as shown in the picture (a). However, if 
it is located close to the edge of the separatrix, the orbit is distorted to a triangular 
shape, see (b ). As the fractional part of the betatron tune is slightly smaller than 
one-third, the particle will nearly come back to its original position, hut just a bit 
bebind after every three turns as indicated in the picture, since the movement of the 
particle is in anticlockwise direction. Those particles located outside the separatrix 
are not sta.bie anymore. After every three turns they will be back to a branch 
where the amplitude of the particle's motion becomes larger and larger, shown as 
(c). This phenomenon can be used to extract the stored beam from the machine. If, 
by some mechanism, the triangular area (separatrix) can be gradually reduced in size, 
more and more particles will become located outside the stable area and exhibit the 
unstable behaviour as (c) outlined above. By placing an extraction septum (shown 
as S in figure 4.1) at a certain distance from the machine center, particles will be 
intercepted by this septum after a number of turns, and be guided into the extraction 
channel. Such an extraction process is called resonance extraction. 

4.1.2 Emittance of the extracted beam 

Particles with different initial position in phase space move along different tra.ces as 
shown in figure 4.1, where (a) and (b) for the stable motion, (c) and (d) for the 
unstable motion. The horizontal distance between two adjacent points iri a bra.neb, 
after every three turns along the machine ( corresponding to one turn in phase space), 
is called the pitch. The value of the pitch depends on the orientation of the separatrix 
and the strength of the extraction sextupole. It increases rapidly as thè revolution 
number increases (the distance to the separatrix center increases). 

The separatrix is a property of the machine: once the machine lattice is fixed the 
area and the shape of the separatrix are also fixed for a specific energy and extraction 
sextupole strength. When the particle loses part of its energy, the corresponding 
separatrix shrinks since the area enclosed by separatrix is proportional to the square 
of the energy spread (refer to equation ( 4.3)). The speed of the shrinking depends 
on the value of the chromaticity. Those particles located outside the corresponding 
separatrix can be extracted. As the separatrix shrinks the beam leaks out from the 
stable area into the unstable area and is subsequently extracted. As shown in figure 
4.2, when the separatrix shrinks from 1 - 2 particles located in the area in-between 
become unstable. Their movement will be the same as (c) and (d) as described in 
figure 4.1. As the separatrix gradually shrinks from 1 - 2, 2 - 3, ... the beam 
is continuously extracted, resulting in thin layers in the extracted phase space, see 
figure 4.2. 

The pitch is an important parameter for the extraction process. This is displayed 
in figure 4.3. As an example, Ài_3, Ài, and Àë+3 represent the consecutive pitches of 
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Figure 4.2: The beam is extracted as the separatrix shrinks. 

the separatrix 1, while A,_3 , A;, and A;+s represent the ones for the separatrix 3. 
Here the pitch is defined as À&= lxi+s-x,I, x, being the projection of the transverse 
coordinate of the corresponding outgoing pa.rticle onto the x-axis. The turn number 
is taken as i, so the next third turn number is i + 3 .. As the turn number inereases, 
the pitch becomes la.rger and larger: Ài-3 < Ài < Ài+s (or A1_3 < A, < Ai+s), hut 
always A; < A,, An infinitely thin septu~ is represented by a line S. All particles 
located at the left side ofS will remain in the machine; however, those located within 
Ài-3 and ..\1 will be extraeted in the coming third turn and will have a pitch between 
Ài-3 and..\,. 

Combîning the phenomena as shown in figures 4.2 and 4.3, the movement of the 
particles in horizonta.l phase space will be as follows: When the particles located in 
the region of Ài-3 are being extracted, those particles located in the region of A,_3 
will remain in the machine since their pitch is smaller than the one corresponding to 
separatrix 1 in the same turn. Particles moving out from separatrix 2 (and 3) will 
take some more turns to reach the extraction septum, thus need more revolutions to 
be finally extra.cted. Only when the pa.rticles reach the region of A, (e.g. for particles 
inside the separa.trix 3) will they a.fter the next three turns end up in the shaded area 
right of the septum . 

The beam is initially injected into the area between the two triangular-shaped 
separatrices by some injection technique as we shall describe in Chapter 5. When 
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Figure 4.3: The emittance of an extracted beam. 

the resonance extraction starts, the separatrix shrinks and the bea.m is consequently 
extracted. At the end of the extraction process, the extracted beam covers the shaded 
area as shown in figure 4.3. This shaded area in phase space is called the emittance 
of the extracted beam. Obviously, the size of the emittance iS determined by both 
the pitch and the areas of the two sepa.ratriees. The preferable pitch size determines 
the location of the extraction septum when the separatrix bas been chosen. The 
size of the two triangles (which determines the 'angular' dimension of the emittance) 
depends on both the centroid position and the (phase ellipse) orientation of the 
injected beam, see Chapter 5. Both the injection conditions and the suitable position 
of the extraction septum will help to control the emittance of the extracted beam. 
The criterion of the parameter choice is discussed in the next section. 

4.2 Monochromatic extraction 

There are several parameters which influence the resonance extraction, e.g. the 
chromaticity, the betatron tune "distance" to the resonance value, and the strength 
of the extraction sextupoles, as has been shown in figure 1.11. In order to look into 
the details, one result from a particular set of those parameters is shown in figure 4.4. 
The triangles in the upper picture are the machine separatrices for three different 
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energies at the injection point. In case of AmPS the orientation of the separatrices 
at the injection point and the extraction point are more or less the same since the 
Twiss parameter a is near zero at both positions. As mentioned before, the contour 
of the separatrix separates the stable and the unstahle area of the particles in a phase 
space. The enclosed area A of the separatrix can be expressed as [Koba 70): 

A 
(v" -v.z-)2 

ex: K2 . 
• 

(4.1) 

where v" is the resonance betatron tune, 8.3333 in our case. K. is the strength of 
the extraction sextupole. Equation (1.56) can also be expressed as: 

6 = flp = Vr - V.z- • 

P Xx 
(4.2) 

Combining these two equations yields: 

A(xz, K;) ex: 62 • (4.3) 

The parabolic curve shown in the lower picture of figure 4.4 displays the area 
endosed by the separatrix A as function of the relative momentum 6. 

Particles with the central energy (6 = 0.0 with respect to the working tune vz) 
are injected somewhere off-axis inside the stable area as shown in the upper picture 
of figure 4.4. When those particles traverse the machine, they will generate a hollow 
phase ellipse. The outer contour of the ellipse encloses an area of A 0 , the inner one 
is A,. 

Let's transfer the picture from the horizontal phase space to the picture below, 
where the horizontal axis is the relative momentum (6 = Llp/p), while the vertical 
axis is the stable area enclosed by the separatrix. The parabolic curve shows the 
stable area as function of 6. As has been shown in figure 1.11, this cur'l(e is related to 
a particular set of the sextupole strength Ka and the chromaticity Xz = -15.0. The 
injected beam with a momentum spread of ±0.1% is then shown as a rectangular 
shape with its center at the position of 6 = 0 in this picture. Since Xx :/; 0.0, the 
tune and the centra} momentum are connected, cf. equation (4.2). Fora momentum 
loss 

{4.4) 

in our case, the tune reaches the resonance value 11.z- = 11". At this value due to the 
presence of the extraction sextupoles the stable area vanishes, see the. lower part of 
figure 4.4. 

Extending the left (6 = -0.1%) and the right (6 = +0.1%) edges of the "rect
angular" beam upwards until they cross the stability curve, indicated are the areas 
enclosed by the separatrix as a function of the relative momentum. Those areas 
correspond to the areas enclosed by the triangles in the upper part of the picture. 
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Figure 4.4: The third-order resonance extraction. 
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The resonance extraction process can alternatively be explained within the figure 
4.4. Extracting the beam is accomplished by "pushing" the "rectangular" beam 
into the unstable area. This occurs when the particles gradually lose part of their 
energy. The beam will move towards the left direction. As the beam moves towards 
the left side and crosses the curve-the boundary of the stable and the unstable 
area-the particles in the beam become unsta.ble, and will finally be intercepted by 
the extraction septum. As the extra.ction process continues the beam continuously 
moves to the left and is chopped by the slope in "slices" until it bas totally crossed 
the curve to the unstable area, which completes the extraction process. If the "slices" 
are identical in size fora time interval tl:r and the beam bas a uniform density, the 
extra.cted current will be constant in time. 
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If the bottom of the "rectangular" beam is located at the horizontal axis (i.e. in 
case Ai = 0) and the beam moves towards the left , it will meet the extreme case: the 
particle arrives the resonance point when their momentum becomes ó11r. The stable 
area is reduced to zero at this point. However if the particle energy is slightly off the 
resonance energy, it will be trapped in the stable area again. This i~ the so-called 
zero stopband of the third-order resonance. In this case theoretically there is only 
one specifiè point for which the particles are unstable and can be extracted. 

Particles have to be extracted totally before the beam meets the left branch 
of the parabola and becomes stable again. That is why a hollow phase ellipse-a 
"recta.ngular" beam located above the horizontal axis-'.-is chosen as shown in figure 
4.4. The 611• is determined by the chosen machine working point and chromaticity as 
shown in equation ( 4.4). Therefore the "distance" between the left edge of the beam 
and the parabolic curve will determine the allowed energy spread for aniinjected beam 
,which is just the half width of the "rectangular" beam. A suitable location of the 
bea.m has to be chosen in order to accommodating the injection and the extraction 
requirement. If a large stable area is chosen then the momentum spread of the 
injected beam has to be small since the "distance" is too small. A large momentum 
spread injection implies the beam be injected at the small stable area. However the 
small stable area will create difficulties for extraction as will be discussed later. 

The projection of the crossing points at the horizontal axis indicates the momen
tum spread of the extracted beam. It is obviously that the (tlp/p)ext = Óext (see 
figure 4.4) has nothing to do with the momentum spread of the injected beam hut 
only with the slope of the parabola and the initial location of the area A0 and A,. 
Obviously a steep curve will produce a small value of the momentum spread for the 
extracted beam. This means a large value of the chromaticity is preferable, see also 
figure 1.11. 

It has been mentioned above that the stable area enclosed by the separatrix is a 
function of both the strength of the extraction sextupole and the chromaticity, which 
is determined by adjusting the strength of the sextupoles located in the curved sec
tion, see §2.2.1. Therefore a suitable combination of parameters bas to be found 
numerically and systematically in order to acquire an extracted beam of given prop
erties. 

An alternative way of extracting the beam is keeping the energy fixed while 
changing the betatron tune of the machine slowly towards to the resonance value, 
instead of changing the energy of the injected beam. This means that rather than the 
"rectangular" beam moving towards to the left, the area enclosed by the separatrix is 
gradually reduced. This phenomenon gives the same result of the extraction process 
as described above. lt will be discussed in detail in Chapter 6. 

4.3 Parameter choices 

As discussed above the extraction process is controlled by several key parameters: 
the chromaticity of the machine; the extraction sextupole strength; the momentum 
spread of the injected beam; and the "distance" between the betatron tune Vx and 
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the resona.nce tune Vr. It is important to choose proper parameters for the extrac
tion, especially when those parameters conflict with each other for a given situation. 
Tracking simulations are employed to make a proper choice of the parameters since 
it is difficult to give a clear condusion for the detailed higher-order effects in an 
analytical way. 

In order to choose the right parameters to let the beam be extracted properly 
some technical considerations have been taken into account: 

• The pitch should not be too small or too large. The proper value should be 
around 1 cm /or A mPS. 

O.oo1• 

• 
• 

" .. 

1 
OJIOO 

1 

" .... 

"" 

• • •• 

. 

* *******• 
***'****~ *• • • •• * .". :: .. 

• 

** •• 
•*. ••• 
*• •• .. " • • •• •* 

*" ** 

Y' ... • 
" • • 

1.80 w .... 
Tiwvenecoordi11111(1) 

. 

' 

' 

.... UI 

Figure 4.5: The chosen separatrix at the extraction point /or AmPS. The pitch zs 
around 1 cm at the location of x ,...., 3.5 cm. 

The extraction septum has both a physical and an optical thickness, so part 
of the beam (1 '"'"' 2%) will always hit the extraction septum. If the pitch is 
too small the percent.age of the beam hitting the septum will be high and as 
a consequence may cause overheating problems of the septum and radiation 
<lama.ge in the surroundings. But if the pitch is too large the emittance of the 
extracted beam will also be too large. 

The pitch is controlled by the size of the separatrix and the location of the 
sept urn. 
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• The area difference between the two separatrices should be neither too small nor 
too large. 

Too small an area difference bet ween the two separatrices (the distance bet ween 
two triangles) will make the injection difficult. As we will observe from the 
generation process of the hollow phase space, a small area difference means a 
narrow stable area allocated for the injected beam. The aligning and matching 
for injection will then be very critical. Too large an area difference will result in 
a large angular size of the emittance and consequently leads to a large emittance 
for the extracted beam unless a small pitch is chrnren. 

• The "distance" from the working point {hetatron tune v;c) to thè resonance Vr 
should be properly chosen. 

The unstable fixed point at the very end of the separatrix has I} value (ChaM 
71]: 

(4.5) 

where K 8 is the strength of the extraction sextupole. As mentioned before, in 
order to accommodate the extraction septum, z Ji;c should not be too small. 
There are several parameters which can be adjusted for this purpose: First 
of all, the working point V:i: should .be set such that there is enough space 
to accommodate the "rectangular" beam as shown in figure 4.4. Therefore 
the corresponding separatrix encloses an area which can genera.te a suitable 
pitch for the extraction. Secondly, the strength of the extraction sextupole can 
influence the area enclosed by the separatrix and the size of the pi,tch. However, 
if the strength of the sextupole is too strong, the outgoing separatrices will curve 
strongly and the emittance of the extracted beam will be difficult to con trol. 

4.3.1 The parameter choice for AmPS 

From the users point of view, the emittance of the extracted beam from AmPS must 
remain in the range of 0.15 x 10-6 rad.m, like the present situation; the beam current 
must be as uniform as possible. The extracted beam should have a small momentum 
spread (~ ±0.1%). In order to meet these requirements, the parameters have to be 
chosen carefully. 

• The working point-tlie horizontal hetatron tune V;c. 

The stretcher ring works close to the one-third integer resonance. The fractional 
part of the beta.tron tune can be either 0.333 ... or 0.666 .... The difference 
bet ween the working point and the resonance tune is chosen such that the time 
interval between the injection and the beginning of the extraction occupies a 
small fractional part of the complete extraction process; this time interval will 
influence the extraction efficiency. However, this time interval must be in the 
range that the injection process can be well controlled before the beam starts 
to be extra.cted. The working point of AmPS is chosen as: v;c = 8.300. As the 
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betatron tune difference in each curved section is .Ö.Va:c = 1.0, the betatron tune 
difference in eaeh straight section is thus slightly larger than one: .Ö.Vz:a = 1.075. 
The machine function, therefore, in the straight section will be able to change 
smoothly from a small value in the end of the curved section to a large value 
in the middle of the straight in the horizontal plane. 

• Chromaticity Xa:. 

As shown in figure 1.11, a. small value of the chromaticity will make a larger 
"distance" for a beam to cross the resonance. The slope of the parabolic curve 
is small when the va.lue of the chromaticity is small for the same extraction sex
tupole strength. This will generate larger momentum spread for the extracted 
beam. Therefore, a. large value of the chromaticity is preferable. By tuning 
the sextupole strength in the curved section the chromaticity is set to a large 
negative value X:i: = -15.0 in AmPS. The loca.tion of these sextupoles has been 
given in Chapter 2, see figure 2.1. 

• The strength of the extraction sextupole K$. 

The one-third integer resonance is excited by the extraction sextupoles. These 
sextupoles (SEl, SE2, SE3, SE4) are located in the dispersion free straight 
sections, see figure 1.2. The sextupoles in the straight sections couple to the 
second-order geometrie terms in contrast to those sextupoles in the curved 
sections, which mainly couple to the chromatic terms. Analytical methods 
do not give the sufficient accurate solutions for particle motion during the 
extraction process. Numerical methods (tracking) are performed to find the 
good adjustments of the sextupole strength for the resonance extraction. It is 
found that the location, the strength and the total number of the sextupoles 
infiuence the extraction; moreover, the strength of the extraction sextupole 
is linked to its location as well. A systematic investigation has been done to 
figure out such a group of parameters for AmPS. By arranging four sextupoles 
equally spaced along the ring at the dispersion free straight sections (see figure 
1.2), and with polarity as - - ++, the strengths of the sextupoles can be kept 
rela.tively small at IK,I = 2.5 m-3 • 

The present scheme for the AmPS is: only three extraction sextupoles ( SE2, SES, 
and SE4, see figure 1.2) are employed. The strengths of these sextupoles are of equal 
absolute value {!Kal = 4.8 m-3 ) hut polarity is set at - - +, respectively. They 
genera.te a reasonable separatrix with a suitable pitch at the extraction point as shown 
in figure 4.5. As an example what may happen if the total strength of the sextupoles 
is concentrated in one sextupole (SEI, see figure 1.2): KsEt = -12.0 m-3 , the 
simulation result shows chaos for large amplitudes, see figure 4.6. 

Simulation results also show that the position of the sextupoles will strongly influ
ence the extraction process. As an example in figure 4.7 three extraction sextupoles 
are located close to the center of the straight sections, which are shifted from the 
present positions (drift fm4, refer to the figure 2.3), and the strength of the sextupoles 
is K, = ±14.8 m-3 . The separatrix at the extraction point changes totally. With 
such a pitch the extraction will be difficult. 
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Figure 4.6: The behaviour of the particles at large amplitudes in case only one strong 
(K, = -12.0 m-3) extraciion se:r:tupole (SEl) is switched on. lts location is shown 
in figure 1. 2. 

4.3.2 Some technical considerations 

• The location of the extraction point. 

In order to accommodate the extraction septum, the preferable extraction point 
is the location where the betatron oscillation is large, thus the betatron function 
is near its maximum. In AmPS the extraction point is chosen near the center 
of the north straight section (see figure 1.2), where f3:t "' 16.0 m (see figure 2.4 
( c)). 

• The orientation of the separatrix. 

In the extraction region there is a plateau in the betatron func.tion (refer to 
figure 2.4 ( c)), and a ,..., 0. In order to genera.te such desired Twiss parameters 
a, f3 at the extraction region, a similar method has been employed as has been 
described for the injection region, see §2.2.2. 

As can be seen in the figure 4.5 the separatrix is almost a reyerse upright 
triangle since the Twiss parameter a is about zero at the ext~action point. 
The projection of the pitch from such orientated separatrix therefore reaches 
the maximum, which leaves the most available space for accommodating the 
extraction septum. 
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Figure 4.7: Separatrix at the extraction point in case three strong (K, = (±)14.8 m-3 ) 

sextupoles are /ocated near the center of the straight sections (the center of fm4, re/er 
to figure fUJ). 

• The sensitivity of the extraction point. 

For the plateau of the betatron function in the extraction region ( refer to figure 
2.4 ( c)) is a ,...,, 0, the maximum beta.tron function is ma.intained over a. length 
of a. few meters. The location of the extraction point for AmPS, therefore, is 
not so critica! anymore. 

• The beam-stay-clear requirement. 

Before the particles finally are extracted by the extraction septum, their beta
tron amplitude is already very large. As shown in the figure 4.8 the maximum 
oscillation amplitude of the particles is ,..,, ±40 mm in the horizontal plane. 
The aperture of the equipment insta.lied along the machine, such as the beam 
position monitors, therefore, should be sufficiently large in order to avoid the 
beam hitting these parts during extraction. 

The parameters for the extraction process chosen for the AmPS are summarized 
here: 

llz 8.300; (4.6) 

Xx = -15.0; (4.7) 

KsE2 -4.8 m-3 ; (4.8) 

KsEs = -4.8 m-3 ; (4.9) 

KsE4 = +4.8 m-3 . (4.10) 
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Figure 4.8: The beam-stay-clear. The betatron amplitudes of the Jast three turns 
before the beam is finally extracted. The extraction position is at the /ar right end of 
the picture. 
Solid line indicates the amplitude /or the turn n;. dotted line indicates /or the turn 
of n + 1; the last turn before the particles are finally extracted is indicated by the 
dot-dashed line. 



Chapter 5 

lnjection 

The injection parameters are determined by the requirements of the extraction. A 
proper injection is essential to obtain the required emittance, the maximum current 
and the minimum momentum spread of the extracted beam. The extraction process 
will take place in the horizontal phase space as bas been discussed in Chapter 4. So 
will be the injection process. A hollow phase space contour is required for properly 
extracting the beam from the stretcher. The injection process will last for almost 
three turns. Since the betatron tune is close to the one-third integer resonance, the 
beam will be nearly back to its original position in real space after three turns and 
would then hit the injection septum. A solution to this problem will be discussed 
below. 

In this chapter the numerical simulation of the injection process will be given. The 
generation of a hollow ellipse contour in the horizontal phase space will be described 
in detail in §5.1. The injection process in the vertical phase space will be given 
in §5.2. The matching from linac to the injection of the AmPS will be discussed 
there also. The technique of this injection process-vertically on-axis injection while 
horizontally off-axis injection-will be given in detail in §5.3. 

5.1 Horizontal phase space 

5.1.1 Machine ellipse contour in the horizontal phase space 

The two separatrices in the extraction point have been chosen such that the required 
emittance and the momentum spread of the extracted beam can be generated as bas 
been discussed in Chapter 4. The best solution of these two separatrices is obtained 
from the simulation result for AmPS: the stable areas enclosed by the separatrices 
should be as follows 

AQ = 0.44 x 10-4 rad.m, 

Ai = 0.32 x 10-4 rad.m. 

65 

(5.1) 

(5.2) 
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Here A 0 and Ai are the enclosed areas of the outer contour and the inner contour, 
respectively. These areas are related to the energy deviations of -0.15% and -0.16% 
with respect to the central energy, respectively. The area between A0 and Ai is thus 
the area the beam will occupy before it is extracted. 
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Figure 5.1: The phase space contours generated by the injected beam as swept out 
over hundreds of turns. Upper: extractio.n sextupoles are switched on; lower: in the 
absence of the extraction sextupoles (no distortion of phase space). 

The area enclosed by the separatrices at the extraction point is similar to the 
corresponding areas at the injection point since the phase ellipse changes its shape 
along the machine hut the area enclosed by the phase ellipse remains invariant. The 
injection takes place in a slightly distorted but still stable phase space; the stable 
areas will remain roughly ellipsoidal in shape. The contour of the ellipses thus can be 
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found by tracing particles over a few hundred turns. If we assume that the stable area 
enclosed by a separatrix is A and apply the equations (1.28), the starting coordinates 
for the machine ellipse contour at the injection point will be approximately given by: 

where t: is given by 

Xcontour = 
x~ontour 

(5.3) 

(5.4) 

A { = -. (5.5) 
1f 

A can be either A0 or A;. The parameters /3, a at the injection point can be easily 
found from the list of the machine functions for AmPS: 

/3inj = 25.082 m, 

O:inj = -0.058. 

(5.6) 

(5.7) 

The simulation result of such hollow ellipses generated at the injection point for 
AmPS is shown in figure 5.1. The injected beam is only allowed to stay inside this 
hollow ellipse contour for a proper extraction. Note the phase ellipse contour shown 
in figure 5.1 (a) has been slightly distorted, as the extraction sextupoles are already 
on. Figure 5.1 (b) shows the phase contours in case the extraction sextupoles are 
switched off (tracking over more turns will close the 'gaps' in the inner contour). 

The injection position in phase space is shown in figure 5.2. A cluster of the 
machine separatrices in horizontal phase space at the injection point is schematically 
shown in this picture. The area enclosed by the separatrix ·,is a function of the energy 
deviations as has been shown in figure 4.4. If a beam with an energy deviation 6 is 
injected in the unstable area it will be lost immediately. The location for the injected 
beam, therefore, should be chosen inside the corresponding separatrix. The beam 
from MEA is injected at the position shown as a shadowed circle in figure 5.2. lts 
energy spread is 6 = ±0.1%. The corresponding separatrices for 6 = -0.1%, 0.0%, 
and +0.1% are shown as indicated in the figure. When the beam traverses the 
machine, a hollow beam in phase ellipse will be generated as shown there. 

As mentioned in Chapter 4 the extraction occurs when the beam loses part of 
its energy. As the energy reduces, the corresponding separatrix shrinks. As a conse
quence the place where the beam stays is not the stable area anymore, as is shown 
by the dashed separatrix contour in figure 5.2. This dashed separatrix corresponds 
to an energy of 6 = -0.15 "' -0.16%. At approximately this energy the particles 
will be extracted, see figure 4.4. 

5.1.2 Momentum spread 

The momentum spread of the extracted beam is not related to the momentum spread 
of the injected beam. However, too large a momentum spread will cause an immediate 
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injected beam: 
3=±0.1% 

Figure 5.2: The separatrices in the horizontal phase space at the injection point of 
the AmPS. 

beam loss during the injection because part of the beam will not be ca:ptured into the 
stable area. For AmPS a suitable range of 6;an; :S: ±0.1% is chosen. This momentum 
spread is represented by the width of the "rectangular" beam in figure 4.4. 

The energy spread of the injected beam is controlled by the ECS (Energy Com
pressor System) as mentioned in Chapter 1. 

5.1.3 Horizontal phase space injection 

The beam must be injected such that it will create a hollow phase ellipse in order to be 
extracted properly. This can be a.chieved by an off-azis injection process. One should 
notice that the emittance of the injected beam is very small (fa: = 0.16 x 10-6 m.rad) 
while the swept-out area of the hollow phase ellipse is much larger (cf. equations (5.1) 
and (5.2)). There is some freedom left for the injection as we shall d~scuss later in 
this chapter. A proper injection must he ahle to keep the particles iri the machine 
before they are extracted. This is called the matching prohlem. Figure 5.3 (a) shows 
a proper injection in which hoth the orientation and the center of the injected beam 
ellipse are well chosen, so the beam ellipse fits neatly between the tw? phase space 
contours at the injection point. 
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Figure 5.3: The injected particles position inside the phase ellipse contours at the 
injection point in the horizontal phase space. (a) just after the injection; {b) after 
100 turns. 

Figure 5.3 demonstrates a monochromatic injeetion process. A beam with a 
momentum spread ±0.1% is injected into the machine at the location inside the 
contour of the hollow ellipse as shown in figure 5.3 {a). The simulation shows that 
the large negative value of the chromaticity (X:i: = -15.0) and the finite momentum 
spread of the injected beam (óE/E = ±0.1%) make the betatron tune of all the 
injeeted particles different. As a result after 100 turns (- 70µs) a hollow ellipse in 
horizontal phase space will be uniformly filled with particles as shown in figure 5.3 
(b ); this makes the uniform extraction possible. 



70 Chapter 5. Injection 

5.2 Vertical phase space 

The extraction process will occur in the horizontal phase space as mentioned above. 
The emittance of the beam in the vertical phase space however, needs to be matched 
to the machine ellipse in the vertical plane as well, since the emittance of the extracted 
beam in the vertical plane should preferably remain as small as its injected value. 

Y' 

~ machine ellipse 

~~~~--.,__~._,.~~+-~_,_.,._.....,.~~~~~__,...v 

matched injected beam 

mismatched injected beam 

Figure 5.4: The matched and mismatched ellipses in the vertical phase space at the 
injection point of the AmPS. 

The machine ellipse in the vertical plane is an undistorted ellipse since no reso
nance is excited there. The ellipse in the vertical phase space of the injected beam 
must possess the sa.me Twiss parameters a and f3 as the machine ellipse. Figure 
5.4 shows the effect of a mismatch during the injection process: the ell~pse has been 
tilted. As a result the beam in vertical plane will smear out over a larger ellipse than 
the emittance of the injected beam. As a consequence the extracted beam will have 
a larger emittance in the vertical phase space. If the centroids of the injected beam 
ellipse and the machine ellipse do not coincide, the same phenomenon will occur: in 
case of a too large shift, it may even generate a hollow phase ellipse similar to that 
in the horizontal plane. 

The fine tuning of the injected beam in both transverse planes needed to match 
the machine ellipses can be obtained via adjusting the strengths of the "injection 
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telescope" (four quadrupoles) located in the injection beam line. One should keep 
in mind that it is still possible to adjust the horizontal emittance (e.g. by changing 
the pitch) before the beam is extracted from the ring while there is no knob to 
adjust the vertical emittance of the extracted beam. Therefore the possibility for 
fine adjustment of the injected beam is really necessary. 

5.3 lnjection process in real space 

We have treated the injection process in the horizontal phase space and the vertical 
phase space separately. In the horizontal plane, the beam executes an integer number 
of (3 x 8.33 = 25) horizontal betatron oscillations in three revolutions. The injected 
beam traversing the machine will be back to its original position in approximately 
three turns and then will hit the injection septum. Therefore the injection process 
in real space bas to be carefully considered. In order to avoid the conflict of the 
position between the injection septum and the recurring beam, the closed orbit will 
be displaced locally around the injection point during the injection process. When 
the injection process is finished {in about three turns) the closed or bit will be restored 
to the center of the machine. There are two possible choices for displacing the closed 
orbit in the injection area: vertically or horizontally. As we shall see in §5.3.1 the 
displacement of the closed orbit for AmPS will take place in the vertical plane. The 
reason for not displacing the dosed orbit horizontally is given in §5.3.2. The local 
displacement of the closed orbit is carried out by a pair of fast electrostatic kickers 
located in the injection straight section. The parameters chosen for the fast kickers 
are given in §5.3.3. The method to displace the closed orbit locally has been described 
in detail in §3.3. 

5.3.1 Vertical closed orbit displacement injection 

Let's look into the detailed process of the vertical closed orbit displacement during 
injection as shown in figure 5.5. The positions of the injected beam for the first three 
turns are schematically shown in the phase space and the real space, respectively. 
Due to the vertical displacement, the closed orbit at the injection point is now located 
at position d instead of the midplane position o in the real (physical) space (see top 
view of figure 5.5). The beam is injected on-axis in the y plane with its center of 
01 and off-axis in the z plane at position bi. The beam positions of the next two 
turns bi,2 are also shown in the picture. At the time interval between the second and 
the third turn the fast electrostatic kickers are switched off. The closed orbit then 
rapidly moves back to the midplane of the machine, position o. As a consequence, at 
the third turn, the beam will be located at the position of b3 as shown in the picture 
rather than back to the injection position of b, and consequently it will miss the 
injection septum at this turn and passes safely overhead. Afterwards the particles 
will execute their betatron oscillations along the central dosed orbit o as shown the 
shadowed part in the picture. This will remain until the next injection process starts. 
In order to create some more space for the reeurring beams (i.e. positions b1 and b2 
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during injection) the septum yoke is partly chopped as shown in the figure 5.5. 

x 

doil 

Figure 5.5: The vertical closed orbit displacement during injection: the positions of 
the injected beam at the first three turns in both the horizontal phase space {lower) 
and the physical space (upper) are shown. 

The two fast kickers (Kl, K2) are installed in the east straight section, see figure 
1.2. The pulse shape of their power supply is shown in figure 5.6. Prior to the 
injection they have been switched on. The closed orbit is then displaced to the new 
position as shown in the lower picture. At the time interval between the second and 
the third turn the fast kickers are switched off. The closed orbit then returns rapidly 
to the machine center, position o, thus completing the injection process. 

The proper injection position is very important as we can observe in figure 5.5-
the space is very limited. The injection location should be chosen such that in real 
space the horizontal coordinàtes (x) of turns 1 and 2 (coordinates 11: of b1 and b2 in 
figure 5.5) are more or less equal. In this way the maximum clearance for the septum 
yoke can be obtained. Numerical simulation of the injection process in the first three 
turns fora beam with momentum deviation has been done. 
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Figure 5.6: The closed orbit displacement by kickers. (a) the pulse shape of the kicker 
voltage; (b) the displaced closed orbit. 

Carefully adjusting the injection position, a.pplying the equa.tion (1.15) and eom
bining the parameters for the AmPS fora complete turn: µ = 211' x V11:, (vz = 8.300) 
(the integer number 8 can be ignored sinee only the fractional part eontributes to 
the calcula.tion), the positions for the two adjacent turns are: 

where i = 0, 1. 

Xi+i = (cosµ+ a sinµ):c1 + (,8 sin µ)xi, 

x~+l = (-'Y sinµ)x, +(cosµ - asinµ)z~. 

(5.8) 

(5.9) 
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Figure 6.7: Phase space contours of injected beam for three different energies: 6 = 
-0.1%, 0.0%, +0.1 %1 respectively. The beam positions are given for the first three 
turns. The initia/ and the adjacent two turn's positions are listed in table 5.1. 
{a) Upper: beam injected at the rightmost position (abeam,..., O); . 
(") Lower: beam injected at the position which gives maximum clearance f or septum 
yoke. 
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Table 5.1: Beam parameters (6 = O} of first three turns at the injection location (re/er 
to figure 5.1) . .6.x is septum clearance (see text). {Unit: x in mm; x' in mrad]. 

at inj. at turn 1 at turn 2 Il .6.x-1 
case x x' z1 1 zi X2 X~ (x - X1,2) 

(a) 17.5 0.0 -7.51-0.69 -14.2 
0.40 Il 19.0 1 

(b) 15.3 -0.2 -10.8 -0.58 -10.9 0.53 19.7 

The assumed injection positions in horizontal phase space for AmPS in figure 5.7 
are listed in table 5.l. .6.x in table 5.1 is the septum yoke clearance between the 
positions of the injected beam and the nearest of the next two turns. Note the beam 
position of the third turn is also indicated in the picture. However, it needs not to 
be taken into account because at the end of the third turn the closed orbit rapidly 
returns to the machine center, therefore the distance between the injection position 
and the physical location of the beam at the next two turns is the only concern for the 
injection septum, rather than the distance between the third turn and the former two 
turns. .6.x must be well-chosen for accommodating the return yoke of the injection 
septum. As listed in tahle 5.1 case (a) .6.x = 19 mm while case (b) .6.x = 19.7 mm. 
In both cases this is enough space for accommodating the injection septum. 

We have also assumed that the injected beam contains a certain momentum 
spread (6 ::; 0.1%) in the simulation. After they are injected the behavior of those 
partides will be slightly different because of the large v~ue of the chromaticity. 
Pa.rticles with -0 .1 % momentum deviation have a larger betatron tune according to 
the equation {1.56) and consequently have a larger "revolution speed" in the xx' 
plane. After three turns the particles almost returned to the position where they 
started as shown in the figure 5.7, where the locations of the particles with different 
momenta for the first three successive turns are indicated in the phase space. The 
particles will be populate uniformly the hollow phase ellipse if they traverse over 
more turns as has been shown in the figure 5.3. 

In order to leave some more space for installing the injection septum one can 
observe that the location of the beam in the figure 5. 7 (b) shows a slightly bet ter 
arrangement. The three turn injection process there leaves more physical space 
between those revolutions in x-direction for the septum than in case (a). In case (a) 
the beam ellipse is upright and the location of the upright ellipse is at the right far 
end of the hollow ellipse. This makes a proper injection procedure somewhat easier. 

There is some ftexibility for the injection as we have discussed above. If the beam 
is injected either at the position (a) or at the position (b) as shown in the figure 5.7 
it will be able to genera.te the desired hollow beam in phase space. The injection 
position can be parametrized as follows: 

Xinj = 17.50+ 5.68x~nj - 24.14x~n/· 

in the range of -0.25 mrad < x~n; < O. 

(5.10) 
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However the beam ellipse should be oriented such to be tangent to both contours 
of the ellipses. In order to orient the ellipse of the injected beam, four quadrupoles are 
installed in the injection beam line. Via adjusting the strengths of the quadrupoles 
the ellipse of the injected beam can be well controlled. 

In order to build up enough room to install the injection septum, several factors 
have been taken into account to create more space for accommodating the injection 
septum, as mentioned in §2.2: 

• Increase the beta function in horizontal plane at the injection area by read
justing the quadrupole strengths. The beta function pr:at& ::::: 22.5 m in the 
injection straight section while in the normal straight section p;iafl! = 16.5 m. 
Such a local adjustment made a gain in horizontal space A.XinJ ,..,, 3.3 mm (see 
equation (5.3)). The data shown in table 5.1 has taken this effect into account. 

• Split the quadrupole located at the middle of the straight section and insert a 
drift in between. Such an arrangement makes a plateau in the beta function 
in the injection area. This means that the Twiss parameter a is close to zero 
there--an upright ellipse will be located at the injection point. If the injection 
occurs at z' = 0, then the off-axis distance in x-direction will reach its maxi
mum. This made the injection process easy to control and the physical space 
created for the septum is relatively large. 

5.3.2 Horizontal closed orbit displacement injection 

~i°' . 1 1 . 
1 """"coll 

x 

Figure 5.8: The horizontal closed orbit displacement during injection: the positions 
of the injected beam at the first three turns in both the horizontal phase space and the 
physica/ space are shown. Notation is the same as in figure 5.5 
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Vertical closed orbit displacement has been chosen for AmPS. However, in principle 
it is also possible to displace the closed orbit horizontally. The reason why this was 
not done is briefl.y given below. 

Figure 5.8 sketches the situation for a horizontally displaced closed orbit. The 
positions of the beam in the first three turns are shown, together with the phase 
contour shown at the lower picture. The notation is the same as in figure 5.5, only 
when these positions are transferred to the real space, the xy plane, they will be 
located differently, as shown in the upper picture in contrast with those in figure 5.5. 
The arrangement of the injection septum has to be changed. 

The extraction process takes place in the horizontáJ plane. The amplitude of the 
oscillation during the extraction will become very large, say about 8 cm range ( refer 
to figure 4.8). This means that the necessary horizontal displacement to separate the 
beam from the septum should be at least 4 cm, which requires stronger kickers. 

Comparing these two closed orbit displacement methods, obviously the one dis
placing the closed orbit vertically is more practical. We can summarize that the 
injection process takes place vertically on-aris (y = 0), while horizontally off-axis 
(x -:f. 0). 

5.3.3 Injection kickers and the septum 

(a) ( b) 

Figure 5.9: The arrangement of the electrode plates of the injection kicker. (a) the 
electrode plat es /ie horizontally: vertical closed orbit displacement; (b) the electrode 
plates lie vertically: horizontal closed orbit displacement. 

In order to allow a rapid field change as shown in figure 5.6, the fäst kicker is of 
the electrostatic type. The layout of the electrode plates of the kicker is shown in 
figure 5.9. In figure 5.9 (a) where the electrode plates of the fast kickers arranged 
horizontally, the fast kicker of AmPS has a 4.0 cm gap and a length of l = 1.6 m. It 
can generate 3.5 milliradian kick to the beam at E = 900 Me V. The field strength 
of the kicker is 20 k V /cm, thus the voltage bet ween the plates is 80 k V. In figure 
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5.9 (b) where the electrode plates of the fast kickers arranged vertically, the kicker 
will generate the horizontal dosed orbit displacement. The large oscillation in z 
direction during the extraction calls fora very large gap (a.t least""' 10 cm) between 
the plates. This requires an increase of the necessa.ry electrode length of the kicker, 
since the field strength at the value of 20 kV/cm is at its practical limit. Therefore, 
the arrangement of electrode plates (a.) is chosen for AmPS. It should be rnentioned 
here tha.t the volta.ge (- 80 k V) for the dosed orbit displacernent has to be switched 
off very rapidly; the design of such a. power supply is not cornpletely trivia!. 

The injection septum is a one-winding DC magnet. The thickness of the septum 
winding is 3 mm. The maximum deftecting angle required for the injected beam is 
16.2 rnrad. When the partide energy is E = 900 MeV, the corresponding ma.gnetic 
field is 1.2 kG with an excitation current of 1000 A. 



Chapter 6 

Extraction from AmPS 

As bas been explained in Chapter 4, the particles must lose part of their energy in 
order to be extracted from the stretcher ring. Therefore, the technique of letting the 
beam lose energy will be discussed in this chapter. The method will be described 
in §6.1. Simulation results for calculating the duty factor, the extraction efficiency 
and the emittance respectively of the extracted beam of the AmPS facility will be 
presented in §6.2. Some other possible methods for extracting the beam will be 
discussed in §6.3. A conclusion will be presented in the last section. 

6.1 RF extraction principle 

Particles traversing the ring will lose energy due to synchrotron radiation emission. 
Therefore, an RF system bas been installed in the ring in order to compensate this 
synchrotron radiation loss. Particles that are not eaptured by the RF system will 
lose part of their energy (Uo oc E4 ) each turn. This energy loss will move, due to 
the large negative value of chromaticity, the betatron tune of the particles to the 
resonance value [refer to equatîon (1.56)]. As a consequence the particles will be 
extracted from the machine. 

Figure 6.1 shows the movement of a group of particles in the longitudinal phase 
space. The particles located inside the buckets-the separatrices in the longitudi
nal phase space-will remain sta.bie; they will move around the synchronous phase 
in one synchrotron period. For AmPS particles inside the bucket (e.g. for E = 
700 MeV, VRF = 38.9 kV, the bucket height is ó = ±0.07%) will complete one turn 
around the sta.bie phase in about 45 revolutions (synchronous tune v, = 0.022). The 
particles outside the bucket are not synchronous particles anymore and they cannot 
ga.in sufficient energy to cornpensate the synchrotron radiation loss. Their energy 
will, on the average, becorne less tha.n the nominal value from turn to turn. Since 
they still pass the cavity, they may still gain sometimes sorne energy (these are the 
'wiggles' in the trajectory). As a total effect they move away from the bucket as 
shown in figure 6.1. This particle movement in longitudinal phase space vibrates 
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Figure 6.1: RF buckets along the machine; the movement of a non-ca.ptured particle 
is shown /or a few hundred turns. 

along a line with a slope determined by the synchrotron radiation loss. As the en
ergy loss of the particles reaches some level, say about -0.17%, see figure 4.4, the 
extraction process will occur. This is because, as we have explained in chapter 4, the 
pa.rticles cannot stay inside the transverse sepa.ratrix anymore (refer to figure 4.2). 

There are several adjustable parameters for an RF system, such as the RF voltage 
VRF, the frequency fRF of the RF system , the phase angle </>. We shall show later 
that those parameters indeed play an important role in letting the beam lose energy 
for the extraction. 

Let us first review the movement of the particles in the longitudinal phase space. 
This is described by a group of equations given in Chapter 1 [(1.38), (1.53), (1.54)]: 

<P. . ( Uo ) 
1r - arcsm VRF , (6.1) 

(áp)b HffJ 2 2 . (6.2) = -[-cos()S. + (-</>, - l)sm</>3 ], 
p 11' 1r 

v. j- VRFho: <P 
27rEo cos •· (6.3) 
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The equations show the relation bet ween the RF parameters [the voltage VRF, 

the frequency !RF (via harmonie number h)] and the beam energy Eo. They yield 
the related quantities: the synchronous angle efi,, the bucket height (ilp/p)b and 
the synchrotron tune 11,. The variation of the RF parameters will cause the change 
of ef;11 , (ilp/p),, and 11,. Whatever the change of the RF parameters, as long as it 
Iets the particles lose energy, the extraction process will occur. Before the numerical 
simulation results are presented, we will discuss qualitatively the following extraction 
methods: 
1) phase shift of the RF voltage; 
2) reduction of the RF voltage; 
3) frequency-modulation of the RF voltage, and non-synchronous injection to the RF 
bucket. 

6.1.1 Extraction via tuning RF parameters 

Phase shift of RF voltage 

Aö 
1 
1 

...1 

Figure 6.2: Phase shift of VRF in the longitudinal phase space. 

The beam is injected into the sta.bie area-the bucket-being the area enclosed by 
separatrix in the longitudinal phase space. If the RF system is properly tuned the 
particles will be captured inside the bucket and they will rota.te around the syn
chronous angle 4'11 with synchronous frequency 118 • However, the synchrotron tune is 
only valid for the particles close to the synchronous angle efi 11 • For those with large 
distances from <P., the synchrotron tune v < v,. If the height of the bucket is equal 
to the momentum spread of the injected beam, then after a few synchrotron revolu
tion periods particles with different synchrotron tunes will eventually fill the bucket. 
By suddenly shifting the RF phase, the separatrix in longitudinal phase space will 
jump to a new position centered by a new equilibrium synchronous angle <P~. The 
particles still trapped inside the new bucket will stay in the machine while those 
particles outside this bucket will not be able to gain suflicient energy to compensate 
the synchrotron radiation loss anymore, and as a consequence they will eventually 
be intercepted by the extractîon septum. As shown in figure 6.2 the partîcles lo
cated inside the hatched area will not be captured by the RF anymore due to such 
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a phase jump, causing the synchronous angle to be shifted to 4>~ and consequently 
those particles will move away from the buckets as shown in figure 6.1. 

The particles that still remain inside the new bucket will oscillate around the new 
synchronous angle ef>~ and they will be redistributed in the bucket. After some time 
they will fill the whole new bucket hut the particle density in the bucket will become 
lower than before. If another phase jump occurs the phenomenon described above 
will occur again: some more partides will leave the bucket. In order to keep the 
number of the extracted particles equal between the intervals, however, the hatched 
area has to be larger than before. This requires that the RF phase jump must be 
larger than before. Such a process-a sudden RF phase jump followed by a period 
with a constant phase and then another sudden jump and so on-will continue until 
no particles are left inside the bucket. Then a complete extraction cycle has been 
finished. 

RF voltage change 

Another method to let the particles escape from the separatrix is to reduce the 
RF voltage VRF· As indicated in equation (1.54), the bucket height (ap/p)o is 
proportional to the square root of the RF voltage VRF. The reduction of the RF 
voltage will cause the longitudinal separatrix to shrink and the partides will leak 
out of the bucket as shown schematically in figure 6.3, where fora 700 MeV beam 
the large separatrix is related to a VRF = 38.9 kV and the small one is related 
to VRF = 12.5 kV. As the RF voltage VRF drops, the bucket area also reduces. 
Consequently, the partides located in the region outside the new bucket will be 
extracted. This process lasts until the RF voltage is reduced to the. value that the 
synchrotron radiation loss VRF = Uo, then the bucket area becomes 1zero, e.g. for a 
700 MeV beam VRF....., 6 kV. 

One should bear in mind that in order to obtain a uniform extracted current (i.e. 
a high duty factor) the voltage drop dVRF/dt should have a specific behaviour. It is 
not sufficient to create a constant decrease of the bucket area, since the population 
inside the bucket becomes also depleted, which is similar to the case of the phase 
shift method. 

RF frequency shift 

The third method to let the beam out of the longitudinal separatrix is to shift the 
RF frequency. Rewriting equation (1.37) yields: 

.Ó.p 1 .ó.f RF 
-p=-; fRF. (6.4) 

A sudden increase of the RF frequency will cause a shift of the bucket position 
downwards in the longitudinal space. As a consequence part of the particles inside 
the bucket will become located outside the stable area and will be extracted. There is 
another way to shift the RF frequency: adiabatically. This method will be discussed 
later since such a process does not relate to the synchrotron radiation loss. 
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Figure 6.3: The influence of VRF on the bucket size: {1} Large bucket: VRF = 
38.9 kV, (2) Small bucket: VRF = 12.5 kV, E = 700 MeV. 

6.1.2 Extraction via tuning injection parameters 

Besides the three methods mentioned in §6.1.1 there is another special treatment to 
let the parti cl es spill out of the longitudinal separatrix. Instead of the RF parameters, 
the injection condition will be changed. 

Off-center injection in longitudinal phase space 

As shown in figure 6.4 ( a) the beam is injected in to the bucket-the stable area in the 
longitudinal phase space. Afterwards the particles will rotate around the synchronous 
phase q,,. However, the bea.m can be injected either with a lower (higher) energy 
than its nominal energy or with a phase non-synchronized with respect to the RF 
phase when the injection occurs. As a result, the position of the injected beam 
in the longitudinal phase space will be shifted off-center. The former action will 
cause the vertical shift while the latter will cause a horizontal shift as shown in 
figures 6.4 (b) and (c), respectively. Part of the beam, the hatched part shown in 
the picture, protrudes from the separatrix. Consequently, the extraction process 
will start earlier after the injection. However, one should bear in mind that this 
procedure can only work at the injection process: it is complementary to the other 
three above-mentioned methods. This procedure, however, has the a.dvantage that 
it improves the extraction efficiency as this action reduces the time lag between the 
injection and the first-extracted particles. 

Up to now we have introduced several methods to extract the beam. As far as the 
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_I 

(a) (b} (c) 

Figure 6.4: Alternative injection schemes. Beam is injected: (a) at nominal energy 
Eo and synchronous angle </>3 ; (b) at slightly lower energy than Eo; ( c) </>inj :f:. tjJ 8 • 

Combination of {b) and (c) is also possible. 

duty factor is concerned, RF phase shift and the off-center injection methods seem 
the practical choices. 

6.2 Extract ion simulation of a 700 Me V beam 

Simulation results for a E = 700 Me V beam will be given in this section as an 
example of the RF phase shift extraction technique. They show that a high extraction 
efficiency, high duty factor and a suitable emittance of the extracted beam can indeed 
be obtained via an appropriate continuous RF phase shift. 

The beam is injected at the position as we have mentioned in Chapter 5 (re
fer to figure 5.7). In transverse phase spaces it is injected off-ax:is in the x-plane: 
Xinj = 17.5 mm, z~nj = 0.0 mrad, on-ax:is in the y-plane: Yinj Y~nj = O.O. 
In longitudinal phase it is off-center (off-central-energy and off-synchronous angle) 
injected, 60° phase angle shift and 0.01% energy shift at the injection: é;.n; = 
-0.01%, </>inJ = 231.4°. The emittances of the injected beam in transverse planes 
are lx = 0.216 x 10-6 rad.m, e11 = 0.16 x 10-6 rad.m, respectively. In longitu
dinal phase space the beam occupies a 60° width in phase because of the beam 
coming out of the ECS (cf. Chapter 1) and a ±0.07% momentum spread. The 
injected beam is assumed to consist of 700 particles, of which the coordinates are 
randomly generated in the above-defined phase space. Those particles have been 
tracked for a complete extraction cycle-about 3500 revolutions. The RF param
eters are: VRF = 38.9 kV, (</> 8 = 170.47°). The corresponding bucket height is 
(.6.p/p)b = ±0.07%, which is equal to the momentum spread of the injected beam. 
The extraction septum is located at the extraction point with a distance of 3.0 cm 
with respect to the machine center. The particles, of which coordinates are larger 
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Table 6.1: Phase shift according to turn number. 

turn number ll.</> per 100 turns ( deg.) 
0-700 20.0 

701-1400 30.0 
1401-2100 45.0 
2101-2800 65.0 
2801-3500 90.0 

than 3.0 cm at the extraction point during the travelling, will be deftected out of the 
machine by the extraction septum. 

During the extraction period the RF phase shift follows the rules as listed in table 
6.1. (also shown in figure 6.5). After every 100 turns for the first 700 turns the RF 
phase angle jumps 20°, for the next 700 turns the RF phase jumps 30° and so on. 
Since the density of the particles inside the bucket reduces as the extraction proceeds, 
the phase jumps become larger than in previous turns. In one complete extraction 
process the total RF phase shift is 1750°. For such a phase shift mechanism, the 
simulation results are shown below. 

2000 
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Figure 6.5: 
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The RF phase shifts during a complete extraction cycle {3500 turns). 

Figure 6.6 shows the extraction efficiency, where the horizontal axis indicates the 
revolution number while the vertical axis indicates the number of extracted partides 
in that turn. In the analyzing program, 3500 turns ( a complete extraction period) 
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Figure 6.6: The time structure of the extracted beam; in the simulation 700 particles 
were tracked over 3500 turns. 

are divided into &O bins. The number of the extracted particles is counted in each of 
these 50 bins. The extraction efficiency and the duty factor ( df) are defined as: 

efficiency ::: 

df ::: 

where 
Ntot = total number of particles; 
Ne;x;t = number of extracted particles; 
n = number of bins; 

n L:?=i Nè;n. ( i). 

Nbin.(i) = number of extracted particles in bin i. 

(6.5) 

(6.6) 
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Figure 6. 7: The momentum distribution of the extracted beam ('700 particles) at E = 
700 MeV. 

The picture shows a very good extraction process: the extraction efficiency is 
98.1 %, the duty factor is ...., 0.80. (Since the number of partides taken in the simula
tion is only 700, there is some (< 10%) bin-dependency in calculating duty-factor.) 
As we can observe from the picture, in the first 200 turns almost no particles are ex
tracted. This is because the particles need some time to lose suffi.cient energy before 
they enter the unstable region. 

In order to estimate the quality of the extracted beam, the momentum distribu
tion of the extra.cted bea.m and the emittance of the extracted beam have also been 
investigated. Figure 6.7 shows the momentum distribution of an extracted beam 
for this simulation. The horizontal axis indicates the momentum of the extracted 
particles. The vertical coordinate indicates the number of particles with respect to 
the beam momentum. It is clearly shown that the momentum spread ldp/pl of the 



88 Chapter 6. Extraction from AmPS 

0.600B-03 +----l----1----1----1----l----l----l----l----I----+ 
1 1 0 
1 1 0 
1 1 0 

0 
0 

1 1 
1 1 2 

- 1 1 1 3 
112 11 11 1 8 
1121 12 1112 l l 14 
l 22 3111232114 2 l 27 
12 l 211 3 2 2 112 2 21 24 
12 l 42221 11 2 13 1222 311 34 
1133312 12111 1 121 11 2 1 30 
325511523222 31312211111151 57 
12131521352352 21 1 1142 21 3124 61 
21231144311 3221 41 2412 312 1 1 53 
1222 4241 1226 2232122322 35131 62 
12 11 22 14 l 41311121 12 1331123 46 
111211 21 111 2 2 l 11122 12 11 30 
131 1 1 3 1 211211 11 321 3 11 111 34 
1 1 11 2 l 1 12 l 2 112 22 21 
2 22 121 l 2 311 2 111 11121 l 30 
-22 l l l 121 111 2 2 11 331 2212 34 
1 111 l 11 1 1 l 11 111 2 16 
12 1112 12 l 1 11 1 1 11 18 
1 l 1 l 11 11 11 1 2 1 13 

11 1 l l 11 2 l 10 
l 1 22 l l 11 l 11 13 

l l l l 1 l 11 8 
l l 1 l 4 

1 l 2 1 2 7 
111 1 111 6 
1 11 2 
11 l l l 1 5 

l 1 
1 0 
11 1 l 1 l ' 1 5 
1 • 1 0 

-0.400E-03 +-1--l----l----l----1----1----1----l----l----I---~+ 
0.2500B-Ol horiz. ph&llle apace: x• va. x 0.3~00E-Ol 

Figure 6.8: The emittance of an extracted beam. The number indicátes the density 
distribution of the particles in the horizontal phase space. 

extracted beam is well within 0.05% with its center at the -0.175%. 
Figure 6.8 shows the emittance of the extracted beam. Most of the particles 

are located in the central area (the contents of the horizontal lines, i.e. number of 
particles with the sa.mex', are listed at the right side of the figure); only a very small 
fraction is out of this area. This emittance is quite acceptable (cf. figure 4.3); by 
some fine tuning of the RF parameters one may be able to improve it further. 

6.3 Other extraction methods 

The three above-mentioned methods ofbeam extraction are based on the synchrotron 
radiation loss, where the RF system plays an important role. However, there are some 
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other possible methods to extract the beam from the machine. The concepts of these 
methods will be briefiy given below. 

Achromatic extraction 

Besides extraction of the beam via tuning the RF parameters, there is another way 
to extract the beam from the machine. Instead of letting the beam lose energy to 
meet the resonance, it is also possible to adjust the strength of a special quadrupole 
(which should be located in the straight section, otherwise, the chromaticity would 
also change) such that the tune of the machine will be shifted to the resonance. 
During this process the beam energy remains unchanged. When the particles meet 
the resonance they will oscillate violently and will be extracted by the extraction 
septum. One should bear in mind that such an extraction process occurs within 
about 2.5 ms, therefore, the variation of the quadrupole strength has to occur on 
this time scale. This requires a special fast quadrupole rather than a conventional 
magnet. Usually it will be an air-type quadrupole as long as the required field is not 
too streng. 

Adiabatic extraction. 

In another method the beam is slowly pulled out of the transverse separatrix by 
gently changing the RF frequency. From equation (6.4) one can observe that the 
energy of the particles in the machine can be changed by tuning the RF frequency. If 
the frequency change is sufficiently slow, the process occurs adiabatically, i.e. the 
particles remain trapped inside the bucket. In this case the bucket as a whole 
moves upwards or downwards in the longitudinal phase space. Figure 1.11 in
dicates that pushing the beam into the unstable area requires the beam energy 
change by roughly -0.2%. The corresponding frequency shift will theoretically be 
A/RF / fRF = ( -0.027) x (-0.2%)....., 5 x io-5 during a complete extraction process. 

6.4 Conclusion 

The methods to extract the beam from the machine have been discussed so far only 
from the theoretica! point of view. Therefore, one has to make a link to the practice. 
The phase shift method was first employed at EROS (Saskatoon) in 1989 by Dallin 
and colleagues [Dall 89], which is a Emaz = 300 Me V racetrack-type machine. The 
successful experience in EROS has proved it an very efficient way to extract the beam 
from the machine. 

The simulation results presented here indicate that also for higher energies (and 
for different machine opties) the RF phase shift method can produce a high-quality 
extracted beam. It turns out that the phase shift method is not very difficult to 
implement: in NIKHEF this method is currently being developed; the RF phase will 
be shifted in as many as 300 steps in a full extraction period. The RF phase jump 
occurs witlün 2,..,, 3 revolutions [KroH 91]. 
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Up to now simulations for different initia! conditions have been. performed. The 
real situation may change the mode of operation somewhat. Extraction anyway is a 
sophisticated process. Therefore detailed investigation is needed for AmPS. 



Chapter 7 

Concluding remarks 

AmPS has been primarily designed as a Pulse Stretcher: a machine operating on 
purpose on the threshold of one-third integer resonance. For this reason the curved 
sections have the structure of second-order achroma.ts. This property is partly lost 
beca.use the sextupoles in the curved sections are used to control the chromaticity of 
the whole machine. The symmetrie structure of these sections, however, still ensures 
to a. large degree cancellation of higher-order aberra.tions, as is demonstrated by the 
shape of the separatrices in the transverse phase space. 

The machine has been equipped with a complete orbit correction scheme. Simu
lations have shown that closed orbit deviations due to realistic magnet misalignment 
errors can be kept within 0.5 mm in both transverse pla.nes for moderate ( < 1 mrad) 
corrector angles. 

Excita.tion of the one-third integer resonance has been employed to extract the 
beam from the machine. Various methods to excite the resonance have been in
vestigated and compared. The phase-shift method as described in Chapter 6 turns 
out to be the method which can precisely control the extraction process and yield 
the extracted beams with desired quality. Since synchrotron radiation loss plays an 
important role in the extraction process, it has been observed that the extraction 
efficiency at the lower energies ( < 350 Me V) deteriorates somewhat. More investi
gation of the extraction process bas to be done for lower energies: the use of a pulsed 
quadrupole may help to accelerate the extraction process. 

The behaviour of the machine under various circumstances has been simulated 
by partide tracking. This is a rather CPU-intensive operation, especially in case of 
a complete injection/RF manipulation/extraction simulation. A typical extraction 
run (750 particles, tracked over a maximum of 3500 turns) takes typically several 
hours of CPU time (Encore PN9080, a 10 MIPS super min'i computer). There is no 
easy solution of this problem: dedicated tracking codes are usually a little faster than 
general-purpose beam dynamics programs, hut have less flexibility. Concatenation of 
carefully-selected groups of elements reduce the needed CPU time by roughly a factor 
of three; the thus-obtained results, however, should always,be compared with results 
from the full machine. New tracking techniques are presently developed based on e.g. 
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differentia.I algebra and Lie-algebraic methods. These methods a.llow (symplectic) 
tra.cking to high orders, which ma.ke pa.rticle tra.cking pa.rticula.rly interesting for 
investigating long-term stability in (large) storage rings. For Stretcher design the 
question of long-term sta.bility is not as important as in storage ring mode; therefore, 
it is not expected that these new techniques will have a large impact on the design 
of this type of machines. 

AmPS is designed to opera.te in two modes: Stretcher mode and Storage mode. 
The hardware will be shared in these two modes; however, some machine parameters 
will be different: e.g. in Stretcher mode the machine operates close to a resona.nce, 
while in Storage mode the working point will be moved away from the strong (i.e. 
lower-order) resonances. In Storage mode AmPS will be used for internal jet-target 
experiments. Some investigations have been made for this mode of operation: both 
single bunch and multibunch insta.bilities have been studied; for certain conditions 
the dynamic apperture has been determined. However, these topics are beyond the 
scope of this thesis, and will not be discussed here. 



Appendix A 

Transition Energy 

In relativistic mechanics, the particle's parameters are conveniently described by two 
new variables (3, -y. They are defined as: 

v J-y2 -1 
f3=-= , 

c "Y 

1 
(A.1) 

"Y = Jl-(32. 
c is the speed of light, v is the velocity of the particle. The particle's energy and 
momentum are then: 

f3 
p = mv = moe Jl _ f32. 

(A.2) 

(A.3) 

mo is rest mass of the particle; Eo = m0c2 is the rest energy of the partide, 
0.511 Me V for an electron. 

During the accelerating process the revolution frequency of the particle will change. 
This dispersion of the angular frequency w can be expressed by a coefficient: 

dw/w 
,,, = dp/p. (AA) 

Let R be the gross radius of the machine; the circumference L = 211' R. The 
angular frequency of the particle and its derivative can then be expressed as: 

(A.5) 

(A.6) 

As has been mentioned in Chapter 1, the momentum compaction factor a is 
defined as: 

dL/L 
a = dp/p. 

93 

(A.7) 



94 Appendix A. Transition Energy 

so 
dR dp 

=a-. 
p 

The derivative of f3 is obtained from equation (A.3): 

d{j 1 dp 
7f- "12-p· 

Combining equations (A.9) and (A.8) into equation (A.6) yields: 

dw = ( ]_ _ a) dp. 
w "12 p 

or, using the equation (A.4), the coefficient TJ now can be expressed as: 

1 
TJ= 2-a. 

'Y 

The momentum compaction factor a can be calculated via [GygJ 88]: 

1 J TJ(s) 
a = L JL p(s)ds. 

(A.8) 

(A.9) 

(A.10) 

(A.11) 

(A.12) 

This is a lattice parameter, especially related to the structure of the curved section: 
bending radius p(s); dispersion function TJ(s). (One must be careful to distinguish 11 
and TJ(s)!] Fora normal lattice (no reverse bends) ais positive (A crude approxima
tion fora is o: - I/v'f, [Bruc 66]). 

In the relativistic case 'Y is very large which means lf'y2 -+ 0. Therefore 11 =:: -a, 
but o: is positive, thus TJ is negative. In the non-relativistic case 1 - 0, so lf'y2 is 
very large compared to the a; in this case TJ positive. The energy at which the zero 
crossing of 11 occurs is called transition energy Etr· From equation (A.11) it follows: 

Eo 
Etr = v;;.· 

For AmPS a::::: 0.027 and this yields Etr = 3.1 MeV. 

(A.13) 

In order to keep the particle movement stable above the transition energy ( 1/ < 0), 
the synchronous angle has to be in the region 90° < </>6 < 180° for a sinusoidal RF 
voltage. The parti de with a slightly higher energy reduces its angular frequency ( refer 
to the equation (A.4)), thus it takes a longer time to travel one turn and when it 
returns to the RF source, the voltage is lower than that for the synchronous particles, 
so it will gain less energy than the synchronous particles. In this way it performs 
energy oscillation around the stable phase. Below the transition energy the situation 
is just opposite: the synchronous angle will be in the interval 0° < <Ps < 90°. In 
AmPS the synchronous angle is in the 150° - 180° range. 



Appendix B 

Transfer matrix for a cell 

For an arbitrary n x n matrix A: 

(B.1) 

its characteristic matrix is defined as: 

(

au - À ai2 
a21 a22 - À 

A-ÀI=: . 

ani an2 

(B.2) 

where 1 is the (n x n) unit matrix; À is the eigenvalue of A. 
The determinant IÀI - Al is called the characteristic polynomial f(À) of A and 

it is expressed as: 

The coefficients ai are the sum of all the ith-order main subdeterminants ( i 
1, 2, "" n). 

The Cayley-Hamilton theorem states [XieB 78]: matrix A always satisfies 

/(A) = 0 (B.4) 

This can be written as: 

An - aiAn-l + a2An-2 - ... + (-l)nanl = 0. (B.5) 

A few special values of ai are: 

ai TrA = LÀi; 
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an = IAI = IT Àï. (B.6) 

Applying the Cayley-Hamilton theorem to the ca.se n = 2 yields: 

A 2 -ATr(A) + IAII = o. (B.7) 

This is equation (2.11), shown in Chapter 2. 
If the following condition is satisfied: 

TrA = 0. (B.8) 

then 
A2 = -I. (B.9) 

here we have already applied the property !Al 1, which is true for transfer matrices 
in beam opties. 

Let us explore the meaning of condition (B.8) for constructing a cell of the curved 
section. From formula {1.29) it yields: 

or: 
{h cos 6. ,,P - a2 sin 6. ,,P 
f31 = cos 6.,,P + a1sin6.tfi · 

(B.10) 

(B.11) 

Equation (B.11) contains five variables: f31,/J2,a1,a2, and 6.ef;, and there is only 
one constraint between them: 

{B.12) 

Therefore there exists flexibility in the choice of the variables. For a periodic struc
ture, one can easily make some additional conditions. A periodic structure implies 
that the Twiss parameters in the beginning and the end of the cell are identical. This 
yields two more constraints to the cell without destroying the condition (B.11): 

i 
(B.13) 

(B.14) 

In order to fulfil the condition (B.11) the constraint (B.13) has to become: 

(B.15) 

One should notice that there is still one degree of freedom left for constructing a 
cell. The values of both the beta function and the tune advance are not fixed. They 
are linked by equation (B.12). 

The number of cells in a periodic structure has to be chosen even in order to build 
a. unit (or minus unit) transform structure. Such a. structure will be a.chromatic as 
bas been proved in Chapter 2. 
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Figure B.1: A cel/ with an asymmetrie structure: lrbend = 22.5°, lbend = 1.0 m, (p = 
2.547 m); kf' = kf1 = 0.73; kfc = -1.64. 

In case of AmPS four identical cells form a unit transform (and consequently an 
achromat ). Each cell bas a tune advance of 0.25 in both transverse plan es. Each cell 
has asymmetrie structure to fulfil the conditions (B.13) and (B.14). 

An example of a cell with an asymmetrie structure is shown in figure B.l, where 
its parameters are tuned only to fulfil the condition (B.8). Four such cells also make 
up a unit, achromatic transform, hut the beta function is not periodic as shown in 
figure B.2. Comparing the machine functions in the symmetrie and the asymmetrie 
cases, it is obvious, that the symmetrie structure generates more regular machine , 
functions, which makes it easier to opera.te the machine. The asymmetrie structure, 
however, generates a minimum beta function which is smaller than in case of the 
symmetrie cell; this could be useful for some special requirement in the machine. 

6 

o.._~~~.-...-""-.....;;~~-'-~~~~--i"--".....,_~-"""'-.....;;..___. 

o ro u ~ 

Centra! orbit [m]. 

Figure B.2: Machine functions /or a four-identical-cells structure. Each cell has an 
asymmetrie structure. (/3:&: solid line; /J'll: dotted line; T/:&: dashed line.) 
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Summary 
In this thesis the optical design of AmPS as a stretcher ring is described. AmPS 

is a 900 Me V electron Pulse Stretcher ring presently under construction at NIKHEF -
K. This facility will be able to produce a high-duty factor(> 80%) extracted beam 
of Imax = 65 µA in an energy range of 250 - 900 Me V. The existing electron linac 
MEA is used as a (full energy) injector. AmPS is part of the project UPDATE, which 
indudes also an upgrade of MEA (higher energy and peak current; lower repetition 
rate and a (much) lower duty factor, thus enabling MEA to inject a 2.1 µs pulse in 
three turns into the Stretcher). Commissioning is expected to start in the spring of 
1992. 

The basic concepts employed in the design of AmPS are presented in Chapter 
1. A genera} expression of transverse and longitudinal motion of the particles in 
first-order theory is described. Later on, chromaticity, resonances and damping are 
introduced. Since both the injection and extraction processes are studied by tracking, 
the tracking concept is given in the last part of Chapter 1. 

The lattice has a fourfold periodicity, consisting of four achromatic curves, con
nected by four relatively long straight sections. In Chapter 2 the properties of this 
structure are clarified, and the various special locations (like injection area and ex
traction area) are identified. 

In order to compensate the effects of inevitable misalignments of the ring magnets 
(dipoles, quadrupoles), the machine is equipped with a mechanism to manipulate the 
closed orbit. The principles which underlie this orbit correction scheme, as well as 
the actual design procedure, are discussed in Chapter 3. The effectiveness of the 
proposed scheme is also shown there. 

Excitation of the one-third integer resonance is used to slowly extract the stored 
beam from the machine. The mechanism to create this non-linear bebaviour, and 
the various possibilities to employ this phenomenon for a controlled extraction are 
discussed in Chapter 4. How the emittance of the extracted beam is infiuenced by 
various machine parameters is also discussed. 

Multiturn injection into a machine which operates close to the one-third integer 
resonance calls for special techniques. A discussion of these procedures, including 
the method of generating a hollow beam in phase space and the parameter choice 
for obtaining the desired conditions for a proper extraction of the beam is given in 
Chapter 5. 

The extraction process bas been simulated by particle tracking. The results of 
these tra.cking studies, in wbich the complete process of injection, RF manipulation 
(especially RF phase shift method) and extraction is combined, are presented in 
Chapter 6. 

It is concluded that the proposed injection/extraction procedure yields extracted 
beams with the desired properties, i.e. a better than 80% duty-factor extracted 
current (imax = 65 µA) in the energy range of 250"' 900 M eV. 



Samenvatting 
In dit proefschrift wordt het optische ontwerp van AmPS beschreven. AmPS is een 

900 Me V Pulse Stretcher Ring welke momenteel bij NIKHEF-K wo:i;dt gebouwd. Met 
deze faciliteit wordt voor het energiegebied van 250-900 M eV produktie van externe 
elektronenbundels van Ima:c = 65 µA met hoog tijdsrendement (> 80%) mogelijk. 
Injectie op eindenergie wordt verzorgd door de bestaande lineaire elektronenversneller 
MEA. AmPS is een onderdeel van het project UPDATE, dat ook aanpassing van 
MEA (verhoging van zowel energie als piekstroom; verlaging van herhalingsfrequentie 
en tijdsrendement) inhoudt; op deze wijze wordt injectie in AmPS gedurende drie 
omlopen van een 2.1 µs lange puls mogelijk. Ingebruikneming wiordt in de eerste 
helft van 1992 verwacht. . 

De onderliggende principes van het AmPS ontwerp worden in Hoofdstuk 1 gegeven. 
Een algemene uitdrukking voor zowel de transversale als de longitudinale beweging 
wordt in eerste-orde beschreven. De begrippen chromatidteit, resonantie en stral
ingsdemping worden geïntroduceerd. Aangezien voor de bestudering van zowel het 
injectie- als het extractieproces gebruik is gemaakt van deeltjestria.cing, wordt het 
basisconcept van deze methodiek in het laatste gedeelte van Hoofdstuk 1 toegelicht. 

Het machinerooster is vierzijdig symmetrisch: het bestaat uit vie~ identieke achro
matische bochten, verbonden door vier (bijna) identieke, en relatief lange, rechte 
stukken. De eigenschappen van deze structuur, met de nadruk op de lokaties voor 
injectie, extractie en het RF station, worden in Hoofdstuk 2 besproken. 

Teneinde effecten van onvermijdelijke Uitlijn fouten van magnetische elementen 
{dipolen en quadrupolen) te compenseren, is de machine uitgerust met de mogeli
jkheid de in zichzelf gesloten referentiebaan te beïnvloeden. Het principe dat aan 
dit baancorrectie schema ten grondslag ligt, alsmede het eigenlijke ontwerp ervan, 
vormen het onderwerp van Hoofdstuk 3. · 

Excitatie van een derde orde resonantie wordt als mechanisme gebruikt om de 
opgeslagen elektronenbundel langzaam uit de machine te voeren. De wijze waarop 
dit niet-linea.re gedrag wordt opgewekt, alsmede een discussie over de verschillende 
manieren waarop dit verschijnsel voor een ordelijke extractie kan WC1rden aangewend, 
worden in Hoofdstuk 4 besproken. Hoe verschillende machinepar~meters de emit
tantie van de geëxtraheerde bundel beïnvloeden, wordt hier eveneens aangegeven. 

Injectie in een machine waarvan het werkpunt dicht in de buurt van een reso
nantie ligt vereist, in geval de injectie over meerdere omwentelingen is uitgesmeerd, 
speciale voorzieningen. Een discussie van deze methodieken, waaronder het creëren 
van een holle bundel in de faseruimte, is in Hoofdstuk 5 gegeven. Aanpassing van 
de injectieparameters aan de eisen voor een optimale extractie krijgt hier speciale 
aandacht. 

Het extractieproces is middels de in Hoofdstuk 1 reeds geïntroduceerde techniek 
van deeltjestracing uitgevoerd. Tracingresultaten van het totale proces van injectie 
en de RF manipulatie gedurende de extractie, alsmede een analyse van de resultaten, 
worden in Hoofdstuk 6 gepresenteerd. 

Hoofdstuk 7 vermeldt de conclusies. 
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Propositions 

1. The tunability of high-performance ion-optica! systems should be 
considered as one of the design parameters of those systems. 

2. The next generation of high-energy accelerators will be linear 

colliders which will necessitate the development of both new RF 

techniques (high frequency, 10-30 GHz, high gradient, 100-200 
MV /m) and new surveying and alignment techniques. 

/ M.A. Allen et al., EPAC '90, Nice, 1990 

3. The recent, accurate measurement by the New Muon 

Collaboration at CERN of the quark structure function of the 

nucleon, especially for small values of the sealing variable x, is a 

significant contribution towards the determination of the gluon 

structure function. 

LG. Bird (NMC), Lepton-photon and EPS 

High-Energy Physics Conf., Geneva, July 1991 

4. The future of nuclear physics is in polarization degrees of 
freedom. Polarized targets must be intemal targets. This requires 

storage rings and large-acceptance non-magnetic detectors. 

"High-Energy Spin Physics", 8th International 

Symposium, Minneapolis, MN 1988 



5. Accelerator physics has to be recognized as a complementary 

discipline of nuclear and high-energy physics. Moreover, it is 

strongly linked to material science, biology and some other 

sciences by synchrotron radiation light sources and free electron 

lasers. Therefore, it should be supported as a subdiscipline of 

physics. 

6. On short term two electron storage rings will be operational in the 

Netherlands. Both rings have the potential to provide high 
brilliance. Therefore, funding should be stimulated by the Dutch 

scientific community to exploit this potential. 

l.H. Munro et al. "World compendium of 

Synchrotron Radiation facilities", 1991 

7. The subject of 'non-West European culture' has to be 

incorporated in the curriculum directed towards training 

personnel officers. 

8. For computer systems equipped with a standard QWERTY 

keyboard, the Pin-Yin spelling system is, among the various ways 
to classify Chinese characters, the most efficient input method. 

9. Before electronic scientific publishing will replace the currently 

employed manual desk editing, new standards- (e.g. in LaTeX) 

should be developed for the most commonly-used symbols. 


