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SLOW EXTRACTION
FROM SYNCHROTRONS
FOR CANCER THERAPY

Informal Meeting held
February 13th and 14th 1996

PS, CERN

This meeting was organised within the framework of the TERA and AUSTRON
medical studies. The ultimate aim of these studies is to design a dual-species
synchrotron (protons and light ions) for cancer therapy treatment and research.

The slides collected in this volume were produced quickly to ensure a full
circulation of information. Consequently, it has not been possible for the authors to
provide the same degree of rigour in checking that a full publication would receive.
Since these notes do not constitute a publication please consider them as confidential.

The talks entitled Simple theory of slow extraction from a synchrotron, Hardt
condition for superposition of separatrices, Achromatic transfer from electrostatic
septum to magnetic septum, Emirtance of the slow-extracted beam, General transverse
strategy, Latrice considerations and Feasibility of a phase-displacement acceleration
svstem and a micro-bucker transfer system for ‘feeding’ the resonance were the
products of much discussion and common effort between the members of the TERA
and AUSTRON groups. The deeper thought in the Hardt Condition and the lattice is
thanks to M. Benedikt.

The TERA and AUSTRON teams would like to thank the invited speakers who
contributed their special expertise and knowledge to this information meeting.

P.J. Bryant.
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NOMENCLATURE

e Right-handed, curvilinear coordinate system (x,s,z) for
the beam:
z, Vertical
Closed orbit
s, Direction along beam
x, Horizontal

{y = the general transverse coordinate, i.e. x or z}.

e Subscript o denotes a parameter evaluated at the origin,

on the central orbit or at rest.
e A0-1%), (0 - few %o), ‘d’ (infinitesimal changes).

e <.> denotes an average over a distribution.

e (X,X’) and (Z,Z’) [m'?] normalised coordinates.
e A,, A, normalised particle amplitude (= ‘\](Y2—+Y’—2)
e E,, E, geometric emittance (16) © [m rad].
® €., €, normalised emittance (16) ® [m rad].
{® should always be apparent}
e O,, 0, standard deviation of a distribution [m]
e E, longitudinal emittance [eV s]

e E total energy [eV].
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e T kinetic energy [eV]

e p momentum [GeV/c]

o B (= /), Y (= m/my) usual relativistic parameters.

e e electronic charge [As]

e (O,, O, machine tune values.

e (', Q’; machine chromaticities (dQ,/(dp/p))o

® Bx Bzr Oxs 0 Yoo Yo bas ey D, Dy, D', D', optics
parameters with their usual definitions.

e Dy,, D,,, D'y, D’;, normalised dispersion functions.

e M transfer matrix.

e Ty, T; revolution period [s]

e fu, fr revolution frequency [Hz]

e Q, Q. angular revolution frequency [rad s™']

e S normalised sextupole strength [m™"].

e /s magnetic length of sextupole.

e H perpendicular distance from the side to the centre of

the stable triangle in normalised phase space.
o ay angle of H measured anticlockwise from X-axis.
e H Hamiltonian
e B,, B, B, components of magnetic induction [T]
o p radius of curvature [m]
e Bp magnetic rigidity [Tm]

e A number of nucleons in an ion (mass number)
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e n number of charges on an ion

e k2uap normalised sextupole-gradient coefficient for the
MAD optics program.

e K driving term for a nonlinear resonance

e C machine circumference.

e Zr Transverse coupling impedance.

e ES Electrostatic septum.

e MS Magnetic septum.
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INTRODUCTION

(slow extraction from synchrotrons

for cancer therapy)

presented by
P.J. Bryant

February 13th and 14th 1996

PS, CERN
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AIMS

To prepare for the design of a medical synchrotron capable
of delivering protons and light ions for cancer therapy. More
specifically, it is hoped that the next two days will expose the
problems and explore the possible design choices conceming

resonant extraction using a third-order resonance.

The performance of medical synchrotrons is critically
dependent on the extraction, so this is the natural place at which
to start a study and from which to set criteria that will determine

the rest of the design. The present programme is designed to:
o Review the underlying theory and physics of slow extraction.

e To collect simple analytical expressions thalt can guide

numerical computer design work

e To identify the design choices that need to be made and the

various solutions that are available.
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WISH LIST

Uniform spill (for precision of the delivered dose).

Narrow _momentum_spread (control of width of Bragg peak,

especially in the case of a passive scanning system).

Constant_ momentum at_extraction (for spatial stability of final

beam spot, in case dispersion 'leaks’ into delivery system).

Switchable spill (for economy of beam and for controlling the

delivered dose).

w dency o upply stability.  Slow-
extraction systems are very susceptible to power supply ripple.
The resonance acts like a magnifying glass that magnifies all
imperfections. Since this machine will be dual-species and the
protons may require only 20-30% of the maximum field

stability will be of even more importance.

(equal emittances are usually specified for gantry optics).

e e
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Moving the resonance

E, large, Ap/p small E, small, Ap/p large
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Use of a transport mechanism

Stack is kepl Amplilude

aparl from
Lhe resonance

&/p

- or Q

' g, ==
SpBINOE G

Transporl mechanism Lhal
provides a low densily, high-
velocily Lransporl of Lhe beam

TECHNIQUES

Some of the above schemes imply the need for a stack with
a wide momentum spread (say 6%o) and a very uniform
distribution of particles in momentum space (the resonance acts
like a magnifying glass that exaggerates all imperfections).

Two f techniques will be useful to satisfy these needs:
Bunch rotation on the unstable fixed point to develop the
momentum spread and the application of rf noise to homogenise

the stack.
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LOOKING FOR CLUES TO:

Which should move, the beam or the resonance?
How can the beam be moved?

How can the resonance be moved?

What beam transport mechanisms can be used?
What are the implications for the injection scheme?
What are the implications for the rf acceleration system?
Posiltions for the electrostatic & magnetic septa?
How should the sextupoles be deployed?

How should the lattice be customised?

Can the extracted emittance be adjusted?

How can the extracted current be adjusted?

THE STARTING POINT

The advance of the separatrix over 3 turns (the so-called spiral
step) at the radial position of the electrostatic septum is

somewhat arbitrarily set at 10 mm.”

* The simple explanation for this number is that for 0.1 mm septum
thickness and a 10 mm spiral step the heam loss should be close to 1%.
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NORMALISED SYSTEM OF COORDINATES

Calculations are greatly simplified by using normalised
coordinates: the betatron oscillations are represented by a
circular motion in the normalised phase plane, such that their
amplitude and phase can be easily evaluated. The distance
along the equilibrium orbit is denoted by s and the radial or
vertical component of the displacement from the reference

- orbit is denoted by x, the betatron oscillation is expressed by:

x(5) = aJp(s) cos[u(s) + 8]
where P(s) is the betatron amplitude function, and

14

"(’)=’Bw

the betatron phase function with a and & arbitrary constants.
This expression is reduced to a harmonic oscillation if we
introduce the normalised variables:




ds

= jl-’v(s)

The emittance is the same in both systems and is given by:

In this new system the betatron oscillation is described by:

jz
E, = ﬁxn =X

X =acos(p + )

and the trajectory in phase space becomes a circle; deriving X The normalising matrix N is expressed by:
with respect to the variable p:

. dX . 1 (1 O
== o L.
X an asin(pL +0) N = \ﬂi(“ ﬂ)

Real phase space Normalised phase space
x' X’

[

while its inverse is:
A

N (B Y
J ”

—

X




The matrix for the transformation in the real phase plane
(x, x") from an azimuth s; to an azimuth s, is:

ng(cosu+a,sinp) VBB, sinp
|

- (]mlaz );i[:/%.:.[}&:z-—uﬂcﬂsll] J?I(COSH—Uzsi“u)

B, )

M,

where p=p(s,)-p(s,): B, =P (5,), ctc. The matrix for the
transformation in the normalised phase plane is:

—— in
= [cosu s p)

= —-sinjt cosp
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FIELD IN A SEXTUPOLE

From Maxwell equations, assuming that the magnetic field
has, to a good approximation, only transverse components
and being interested only in the field inside the vacuum pipe,
we can derive the vector potential “A” for a magnet with 2n
poles in Cartesian coordinates:

A= ZAH fn (I.Z)

with f, an homogeneous function in x and z of order n:
Salx,2)=(x +iz)"

The real terms correspond to regular multipoles, the
imaginary ones to skew multipoles as summarised in the
following table.

Vector potential solutions in Cartesian coordinates

Moultipole n Regular Shew

quadrupole 2 x-z! 2xz
sextupole 3 x*-3xz? Ix’z-2
octupole 4 x'-6x2z%+z 4x’z-4xz’
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For our calculations, it is useful to relate A, to the field, for
example, in the median plane using the Taylor expansion:

dA ¢ = 1 [d""8B g
Bz(z=0)=-a—;=zl,nA..x"_'= 5% 4 [ . o] (D)
n= =

so that:

In particular, for a regular sextupole:
A=As(x* -3x2?)

so that:

14

Sign conventions

The following diagram shows the conventions adopted, i.e.: .

F-sextupole, if it focuses particle with x positive;
e  D-sextupole, if it defocuses particles with x positive.

Focusing sextupole and coordinate system

‘4 .
S A
|/

s :

AL
S TS

F-sextupole

b

defocusing

X z
y
S

A
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Let us now calculate the kick given by a focusing sextupole to
a particle moving at a distance x from the central orbit on the
median plane supposing the length €, of the sextupole to be
negligible (thin-lens approximation):

B(z 0)¢,

BEEE

Ax =—

where the minus sign is due to the fact that a particle al a
positive x is bent by the B field toward the origin of axis.
Substituting the expression for the field:

2
PN A x,
2Bl &

In normalised coordinates at the sextupole position, we have:

axg =5, 1 L (dx J(Jﬁ?x)

" 2|Bop|

41 €, B
()
2|Bopl dx? :

¥,

16

AXS' =SX2

with § being the normalised sextupole strength:

%1 ¢ (d'B % __loy
s=ph-_—|Z %2 =-— R0, me,s =—=PRe, K2
and K2p4p [m"]:
-3y_ 1 {dz Bz] -2
K2 (M 1= 33556 po 1GeV Il a2 ), I 1
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LOCKING ACTION AND ADDITION
OF SEXTUPOLES

Let us go into detail analysing the effect of a sextupole treated
as a thin lens. As shown in the following diagram the phase
shift given by the sextupole is:

Ap,=£cosu=§)(’ cosu=Sacos’|.l=%(cos3u+3msu)
a a

X'a

AX'
..“' : Al.l
3 g ‘)/' ""'
- I -
a
X

Supposing that we are close to a third integer tune, in three
turns the second term in the last equation averages zero, while
the first term is constant, since its phase is an integer multiple
of 2r. From the figure it also appears that:

ﬂ:i‘isinpés-x 2 sinu=£i‘acosz T} sinu=£sin KT
a a a 4

where the last equality is valid close to the resonance. When
the particle is exactly on resonance, the phase advances by an
integral number of 2r and the particle ‘locks’ onto the
resonance, repeating again and again the same trajectory in
phase space. The following figure is a pictorial representation
of the situation, corresponding to the “fixed points - corners”
of the last stable triangle.

Ist sextupole at X=0:
no effect
phase shifts f

R

3rd sextupole at 4nQ \

2nd sextupole at 2nQ
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If we are close to resonance from the expression of phase
shift, we have in the smooth approximation where ¢ is the
azimuthal angie:

Ap =2nAQ= —‘?;(cos3Q¢ )
- A———. g 274 . Q¢
o fars g . af

from which we deduce that the tune of the particle wanders
within a band around the unperturbed tune Qg:

If the third integer tune value is not inside this band, the
particle cannot be locked and it is stable, in other words at a
“tune distance” AQ from Q, the particles with amplitude:

- 8n|AQ]
S

are stable. This fact gives the phase space stable triangles that
will be discussed later. Replacing the inequality by an
equality, we obtain the amplitude of the unstable fixed points
and figure out that in the amplitude-tune space the resonance
Is a straight line as shown in the following picture. The slope
of the resonance line is related to the spread in momentum
through the chromaticity.

#

.
S L
&
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Amplitude

unstable region 4

N

Q at resonance

.

Ap/p, Q@

Now, suppose that we have an azimuth distribution of
sextupoles that can be expressed as a Fourier series in ¢:

S@)=15,e"

introducing it into the equation of phase displacement and
integrating around the machine circumferenge:
grating e iramlerenge;

2

= S,a 1 -
- A=Y [ . cos(30¢)e’™” dé

I% J[ﬂ%s}?f" ;F(S—Sﬂ)jéj JQ{ /Jo (}\..G) ;f ss¥3C

we notice that the integral is large and finite if:

3Q0=s -



S.. -| s®) g - T o

that is in the addition of the sextupoles we have to consider
the third harmonic of the sextupole distribution in betatron
phase around the machine. Actually, since in the expression
of S it also appears as a power of the beta function, and
periodicities in the lattice structure can also drive the
resonance together with multipole field patterns.

Equating the sum of sextupoles to a virtual sextupole we
have:

Sr:rlmll exp(j}p X virtual! ): Z‘S‘I C"I’(J‘}u Xa )

where Jix ; is the betatron phase location of the i-th sextupole.

By separating real and imaginary parts we obtain:

Equivalent sextupole phase and strength

ZS, an(3|.lx J)

larl(3lix.vfmul ;S, cos(3pty ) v

Shonar{ EScoln) JH(Ssomone) | @
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that is betatron phase and- strength of a single equivalent
sextupole in the ring. P
First consideration
From the previous equation (2) it is easy to show that for a
distribution of sextupoles of equal strength and spaced by Ap
we have:

e  cancellation of the driving term if Ap = n/3;

e  reinforcement of the driving term if Ap = 25/3.

Second consideration

If the sextupoles are placed in a region of finite horizontal
dispersion (D,) they also affect the chromaticity AQ',, of the

machine:

' NF ND
00,22 - Ll 1o, $0, 0,), + k28 56,0, | O

d P L n=|
.9 ¢ NE 2
AQ: - 5% =_ﬁ[xzﬁjm Z'(Dz D-l’)u + Kziab Z'(B! Dl )n] (4)
P = =
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In general, it would be better to have the possibility of acting
on the resonance and the chromaticity independently:

® (o drive the resonance, without affecting the chromaticity
¢ put the sextupoles in a zero dispersion region;
e to act on the chromaticity, without driving the resonance

¢ arrange the correction sextupoles with a phase
difference Ap = /3 between two consecutive ones.

Third consideration

Consider a lattice with a superperiodicity of 2 and with two
sextupoles with the same absolute strength (S or K2,,p), but
diametrically opposing [Au = On = (n £ 1/3) =] each other:

from (2) we have:
S3omuat =(S1c05(0) + 5; cos(3gn )’ +(5; sin(0) + S, sin(3gn ))*
nevern: Syma =S —52
nodd: S =S+S52

from (3) and (4) we have:

"I . : :
AQ, = 2=, D, [ K2jup +K2ifw

AQ, =‘zt;'gpz D, [ K24rp +K22{z40
so that if n Is even:
e §=-5; ====> only driving the resonance
e §;=5; ====> only correcting chromaticity

no independent action is possible with n odd.

24
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PHASE SPACE TRAJECTORIES

Let us consider the effect of a single sextupole supposing that
the unperturbed fractional tune is close to one-third of an
integer and that the sextupole represents a small perturbation
so that we can add up the effects turn by turn independently.
We calculate the increments AX and AX' on three turns
starting from the exit of the sextupole.

The total displacement and deflection after three turns:

(&)

are the sum of:

e 3 unperturbed turns plus a kick:

cos3u® sin3p’ Xq)
—sin3pn°® cos3p® | Xo
+

0
[S(cosJu'Xo + siu3|1'X6)2)

26

e 2 unperturbed turns, a kick and another turn:

cos2pt’ sin2p’ [ X
—sin2p* cos2p”’ | Xo

+

0
[s(ooszu‘x., + .u'uzu'x.',)’)

+

(cosu' sinp® cos2t " Xo + sin2n° Xg
~sinp* cosp’ | ~sin2j1" Xo + cos2pn* Xg + S{cos2pn” Xo + sin2pn° Xo)*

e | unperturbed turn, a kick and 2 other turns:

cosp’® sinp’ Xo)
—sinp® cosp’ | Xo
.'.

(S(cos u'Xog sin u‘X&)z)

+

cos2p’® sin2p’ cos u* Xg +sin u* X
~sin2p* cos2p* | —sin p° Xo + cos p* Xo + S(cos pu* Xo + sin . Xg)?
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Adding the contributions for:
. 1
p =2n (n;t3+BQ]

with n integer and [5Q << %, we gel:

Spiral step and spiral kick
;. 3 ;
AX =€ XD + 2‘SXan

AX =-¢ X0+35(X§—X52)

where e = 6z 5Q.

Along the separatrices, for ¢ = 0, from the above equations,
we can calculate the increase in amplitude of oscillation

R=1ﬂX2 +X") in 3 turns:

AR=33R’
4

Indicating with Rgg the position of the electrostatic septum
along the separatrix, we find a relation that connect position
of the septum, spiral step AR and strength of the sextupole:

28

Rgs Reg+AR 4

To identify the trajectories in phase space, we deduce from
the above expressions the invariant of motion choosing the
time taken by a particle to make three revolutions as unit
time:

JH (1)

dX . ‘
I=AX=BX0 +ESX0X0=5)—{='

dX _ v 3yt _y2)=9H ¢
—-=AX _-—ex,,+zs(x. X )%

with:

Hamiltonian

=§ (x2 +x“)+§(3xx" -x°)
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The above expressions (1) and (2) identify the invariant H as
the Hamiltonian in the conjugate variables X and X’.
Different values of H comrespond to different trajectories in
the phase space.

IfS=0:

the expression of H becomes the equation of a circle, as it
should be in normalised coordinates having eliminated the
source of perturbation.

IfS#0:

e the trajectories are symmetric with respect to the X-axis,
since X' appears only in quadrature;

o for small values of X and X', the trajectories are slightly
deformed circles;

e from expression (1) and (2) equating to zero we derive the
coordinates of the fixed points:

¢ O(0; 0) fixed point of first order (it repeats itself in one
turn);

¢ P, -:—%;O)

po{2529)

. 35" V3§

p,{_z_&_z__e_)
35'V3S

30

fixed points of order three (repeat themselves in three
turns). '

The lines connecting the points P; define a triangle that limits
the stable, phase-space region (inside) from the unstable
region (outside). These are called separatrices. The next
figure shows the triangle for /S > 0.

particles in triangle X
are stable e p
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The equations of the separatrices and the area of the triangle General equation of the separatrix
are easily calculated for the present configuration at the #

sextupole position.
The equations of the separatrices (A), (B) and (C), deduced

earlier, are valid at the sextupole (single or virtual) position in
Equation of separatrices the lattice. Let us generalise these equations with the help of
the following picture.

x | X ?
o 4¢
X=plX"35 separatrix i
_ a
H
X ] X
@ ﬁ( 3§ Xae
>
X
Distance of side of triangle to origin of axis i
H=%%=5§’:—8Q ! The line equation is given by taking into consideration the

following points:

o the anticlockwise rotation of the line by an angle o

Stable emittance = (area triangle nTmra .
(ar gle)/n [ d] i e the displacement of the equilibrium orbit due to the

3.3 2 dispersion (D,, D,") in the machine and induced by the
_£H 2‘ﬂ—E(SQ)2 48J-E(Q, Ap] : momentum deviation of the particle (Ap/p).
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Applying the above transformations we get the general
expression of the separatrix:

(X—D,, %}:osa +(X'—D; %’}rinu =H

It is more useful to express the equations of the separatrices
(A), (B) and (C) as a function of the phase advance (Ap)
between the sextupole position and the observation point,
remembering that the phase advance determines a clockwise
rotation. The separatrices at the sextupole position are
obtained from the preceding equation inserting:

(A) ====> o= 180°
(B) ====> oa=300°
C) === a=420°

and, rotating by A, we have at the observation point:

(A):
-(x-n,%}:;dmh(x'-o; éﬁ)ﬁn(du) =H

(B}(x_o,. %}os(muw)«»(x'-p; épﬂ)xin(ﬂp-i-%ﬂ’): H

(Ciz(x_p,, é}};os(apmmh(x'—p; %)m (Ap+120°) = &

34
Particle dynamics

We want to analyse the movement of the particles along the

separatrices; for this purpose we substitute their expressions
in the equations (1) and (2):

[FETR 8
Cal™m

m ——eXo+ s(x x(,’)

s ¥ 4e ]
H(x-35)
X 3., | 4 e?
g @ =2 SX -ﬁex—m—sr
%=Ex +%SXOX{|

dX _ NB 9., | 4 ¢g?
> > SX +73-8 X-l-m'g'
ax
dt

=€ X, +3 5XoXq
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First consideration

The following figures show the sense of rotation of the
particles in three turns and the direction of the outgoing
separatrices at the sextupole position, depending on the sign
of e and S.

Al sextupole position

8Q>0 Q<0

Above resonance Below resonance

o | Nl

S<0 pd [w
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Second consideration

The parabolic expressions obtained so far become zero i
correspondence to the point P;, thus showing that they are
indeed fixed points.

Third consideration

The parabolic behaviour also shows that the movement of the
particles on the separatrices in between the fixed points
becomes slower and slower as we come close to them, thus
giving a concentration of particles in the comers of the
triangle. On the contrary, the spiral step is increasing
quadratically as the particle move away from the fixed points
along the separatrices, as shown in the following picture
where a stable orbit and the movement on the outgoing
separatrices in unit time are indicated.

Ot
X'y
) el e 0.0% -
| | \- v /
d1 208 0 X[m"’ . U

m_«u 0.4
€=0.01257 =:
§=0.9639 [m*?) : J
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PHASE-SPACE REPRESENTATION OF A BEAM 1)

The motion in an accelerator is parameterised by defining an
equilibrium orbit for each momenlum and describing particle
motions (betatron oscillations) about this equilibium orbit.
Equilibrium orbits for momenta different from the ceniral orbit are
parameterised by the dispersion function, D.

Equilibrium o

Positions and angles of orbits are given by

x(@p)Dx L and  H=py 2P Real phase space
Po s “po

X(0p)Dax L and  X-p; 22 Normalised phase space
Po dp Py

(The conversion between the normalised and real phase spaces was given
in the basic leclure)
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PHASE-SPACE REPRESENTATION OF A BEAM (2)

At a given position in the machine the beam can be represented

in phase space by a series of ellipses (circles in normalized

phase space) centred around the dispersion vector (D,D)-Ap/p

gal phase space

Areas are emittance of
betatron motion lor %

each momentum

Normalised phase space

Areas in normalised /
phase space are stil

equal to the emitlance

/
7

-

~

P = x
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PHASE SPACE REPRESENTATION OF THE
RESONANCE (1) |

The circles that represent the beam emiltance in normalised
phase space become triangles (of the same area) under the
influence of the resonance.

The resonance for pariicles of each momentum is represented by
a triangle corresponding to the last stable orbit and the
exlensions along the outward separatrices.

Each momentum has its own lriangle,
because each momentum has its own lune.

A x
Size of triangle depends on

distance from resonancs.

Small triangles are closer “
i

(Ap/oh (Ap/D)2 (AP/D)s Ches

The rotation of the triangles depends on the betatron phase

advance from the resonance sextupole to the observation point.
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PHASE SPACE REPRESENTATION OF THE LOSSES AT THE ELECTROSTATIC SEPTUM
RESONANCE (2) IN REAL PHASE SPACE |

For a monoenergelic beam wilh increasing sextupole strength, -

the stable triangles shrink. The size ol the stable triangles is \ \E)
characterised by H (see simply theory), which is proportional o - ' ' E ' X - ‘;%7'—/&‘
? : Xes— 1~ :
8Q/S. By increasing the sextupole strength, particles with smaller : ! x L. / .
1

7 b i
e s ™

and smaller amplilude gel extracled.
8

For particles starting at positions x; and x, not all angles are

_ allowed. In the first drawing, a particle with a divergence greater

A than (Xes - Xi)/Les will hit the septum. A similar situation exists for

particles inside the seplum, except that the electric field curves

\ their orbits and modifies the forbidden angles. The forbiddan
Range of separatrices

shadow reglons are:

o
X

JAZ 20N
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REASONS FOR THE HARDT CONDITION

The Hardt Condition aligns the separatrices belonging to diflorénl
momenta and amplitudes at the electrostatic sepium to avoid

LOSSES AT THE ELECTROSTATIC SEPTUM

IN NORMALISED PHASE SPACE
particle losses due to the "shadow regions” shown above, while

chromaticity and dispersion are finite. This then makes It
!
possible lo keep the bulk of the waiting beam siable and to

X’# / control the spill.
OX s +JE9FS_ %’ If the chromalicity and dispersion were zero, then all triangles
A would have a common centre, but particles with different initial
\"")'{ amplitudes would leave the machine along different separatrices
and would arrive at the ES with different angles, leading to losses
in the shadow regions. MD&ZMMMMMM

In any other case, if the Hardt Condition is not fulfilled, particles
with different momenta and different amplitudes arrive at the ES
with different angles, causing losses in the shadow regions.

Note; With the Hardt Condition fulfilied, all separatrices are
coincident and collinear and aperture requirements in tha

electrostatic septum are an absolute minimum.

e e e e e e e et ik i
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REVISION - EQUATION OF A SEPARATRIX
Re-express the separalrix equation with Hin terms of Q’and Ap/p

[X—Dn%g)cos(a ~Au)+[X'— D, épE]sin(a—Au)= H
(X - Dy éE]cos((x - Ap)+ [ X' - Dy, i‘f)sin(a -Ap)= ﬂt—ﬁQ
p P S

(X - Dy Q)cos(a -Ap)+ [X’ - Dy -éf-]sin(a -Ap)= 4—“Q’£
p p S p

The momentum dependence of the separalrix is now apparent in
each of the three main terms. Adjusting the momentum
dependent terms in a way thal they sum to zero, establishes the
Hardt Condition.’

" The above assumes that the beam is moved into the rasonance withoul
changing transverse beam paramelers. The alternalive of sweeping the
resonance through the stack would require an additional time varlation 1o be

taken inlo accound.
e e ey
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HARDT CONDITION

To remove the momentum dependence from the separatrix, the
equalion below must be satisfied.

D,, cos(o. — ApL)+ Dy, sin(o.— ApL)=

The above equation may appear very flexible, bul there are some
boundary conditions on the parameters.

o The choice of the angle (at-Ap) is restrained by the geometry of
the extraction. This will be discussed in Section A.

e D, and D), depend on the latlice design. This will be discussed
in Section B.

e @ is the main varable, but for machines working below
transition energy the stability of a coasting beam Is improved
by making Q' negative. This will be discussed in Section C.

o S has been set, somewhat arbitrarily, to give an increase of
10 mm in the amplitude of the separatrix over 3 tums at 'Iha
electrostatic septum. This Is discussed in Section D.

e Finally, numerical values will be discussed in Section E.
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SECTION A

SEPARATRIX GEOMETRY FOR EXTRACTION (1)

Figures below show a logical layout in phase space for the septa
and separalrices with the exlraction separalrix at 45° and -45°.
This foresees a 90° phase advance between the septa, which
maximises the effect of the electrostatic septum’s kick.

The other two separatrices are 120° apart in phase space. Thus,
the extracting separatrix could be moved by a maximum of 15°
anticlockwise before the preceding separalrix hits the
electrostatic septum, or 15° clockwise before the following
separatrix hite the magnetic septum.

x A x'A

Kick 90° later
becomes a
gap for
magnetic
septum

phase advance 93"

WHAT VARIATIONS EXIST ON THIS THEME ?
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SEPARATRIX GEOMETRY FOR EXTRACTION )

The alternatives to the layout on the previous page are ilmlléd.
The first Is to accept a much smaller phase advance of say 40° or
less. This situation may be imposed by lack of space and
requires much stronger electrostatic and magnetic .sepla. In the
case of the electrostatic septum, this may have implications for
the reliability.

The second alternative is to allow a 270° phase advance.

x A x A

N

X
.

Vx

ES MS

phase advance 270°
&
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SEPARATRIX GEOMETRY FOR EXTRACTION (3) STABLE-TRIANGLE GEOMETRY FOR 1ST & 3RD
QUADRANT OPERATION |

So far the kick of the electrostatic septum has been shown in the
first quadrant only. In fact only the first and third quadrants are
usable. In the second and fourth quadrants, the kick takes the
beam back into the septum wires. The use of the third quadrant

gives one extra possibility.

L sy o0 1 3

For ideal working conditions, the 1st or 3rd quadrants must be =

used, with 80° or 270° phase advance between the septa, and Thus, for the Hardt condition there are only two values
with a tolerance of £15° in the separatrix positions (for much less for the phase term (a-Ap) .. 315+15" and 135£15°,
phase advance one must rely on very strong kicks).

= e ] cr=mrey, et e e
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SECTION B WHAT IS NEEDED OF THE (D,,D,) VECTOR

The normalised dispersion lerms take a simple form in dispersion The (D..D.) vector moves the stable trangles for dlﬂerénl

bumps, 360° achromatic arcs and regular FODO or doublet momenta to superposition the separalrices.

structures that are common in small machines. The separatrices that can be used are at 45°+15° in the first
Ispersion bumps quadrant and ai 225°15° in the third quadrant. Thus, the most

Dn efficient (D,,D.) veclors for corrections will be at 135%15° or

315%15°, i.e. approximately at rightangles to the separatrices.
Thus, for bumps, arcs, regular latlices etc. the favoured position
for an electrostatic septum is on the downward slope of (D,D),
but this is the least efficient for providing space for the magnetic
septum without crossing dipoles between the septa.

where, D =D sinAp, D,=D  CosAp.

ali
The variations of D, and D), are very much the same as for the D, | Correct orientation for (D,,Dn)
dispersion bump except that the curve is less smooth due to the Bu
distributed dipoles.
Regqular FODO and Doublet structures 1 -
In these structures the normalised dispersion function takes a Dn 1 Correct orientation for (Dn,0n)

form close to a sine wave with a dc offset.

Arc
8
The relative usefulness of these structures can be demonstrated D, Correct orientation for (D,,D,)
by numerical calculations. Reqular cell
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SECTION C . SECTION D
STABILITY OF THE WAITING BEAM SPIRAL STEP OR PITCH
Since any fluctuation in the wailing stack will appear, greally
, ; - ; ; REVISION
magnified, in the spill, the stability of the wailing beam is of prime
importance. The motion in phase space over time intervals of 3 lurms was
Below transition, beams are intrinsically stable longitudinally. derived as,
The transverse slability is of more concern. The criterion for AX, =X, + -:-’-SX(, X3
stability Is, 2

AX} = -€Xq + %s(m,2 - Xg')

(22| £, £2 400 Bt _ g — g
e IR Po

If the motion Is restricted to the vertical separatrix X=-(2/3)(e/S),

where F is a form factor (close to unity), Eo is the proton rest "
en

energy, R Is the average machine radius (R/Q» can probably be

replaced by the average betatron amplitude function), / is the AXy =eXo—eXo =0

current, n is the azimuthal mode number and 7 is the revolution AX’ ___+[.l_e_!._§.sx;’)

frequency spread [(dff)/(dp/p)=1/-1/F]. The mode lo be

considered will probably be n close to Q with n>Q. This means
li waiting_sta ' should be

If this vector Is allowed to rotate 80°, It changes from an angular

step to a positional step given by,

negative,
LEAR works very successlully with positive chromaticity, but LEAR has an
active feed-back system and works with very small emittances achieved by
cooling. Medical rings have larger emittances, especially with multi-tum
injection. Octupoles may also provide some stablity via an amplitude-
frequency spread, but this distorts the resonance line.

e e —————
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SECTION E
NUMERICAL CALCULATIONS - STRATEGY

e To determine S on the basis of a 10 mm projection of the spiral
step onto the x axis at the electroslatic septum.

o To use this value to determine the chromaticity via the Hardt
Condition with whatever laltice funclions are being proposed.

e To determine the 8Q corresponding to the last stable orbit for

the maximum emiltance in the wailing stack.

First, assume that the spiral step along the separalrix is
dominated by the second term, so as to eliminate the circular
reference o €.

AR=—5x2

4

Set AR= 0.01/[cos(¢)VP) [m"?] where ¢ is the angle between the
separatrix and the X axis and, initially, X=0.03/¥B [m'?).Then
apply the Hardt Condition,

Dnm(u”Au}Fl)ﬁSin(a—Aukig’
hY

with (o—Ap)= 135° or 315°.
Finally, find the tune shift for last stable triangle,

Egeam = E\ s sisbie triengle =
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ACHROMATIC TRANSFER
BETWEEN
ELECTROSTATIC SEPTUM

AND MAGNETIC SEPTUM

presented by
M. Benedikt

February 13th and 14th 1996
PS, CERN
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PARTICLE MOTION IN A LINEAR LATTICE

Particle motion in a linear lattice (containing only dipoles and

quadrupoles) can be described with transfer matrices.

Transfer matrix for an on-momentum particle

The motion of an on-momentum (5p=0) particle between two
lattice elements | and 2 with a belatron phase advance p is

discribed by a 2x2 transfer matrix M (Twiss-matrix), where

J':—z’-(euuull -Ii'!) m-n-p
Jpl—, [(Hu' -1)ulup4(¢,-¢l uu] ;:- CoBp-a gy - ﬂll)

M=
The horizontal position and angle of the particle at element 2 is

then given by

Xy =myy X +mp X

’ ’
Xy =y Xy iy Xy
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Transfer matrix for a particle with momentum

deviation

The transfer matrix for a particle with a momentum error dp is a

3x3 matrix:

My My My

M my| Moy mMyq
0 0 |

with my,, niy3, my, my; elements from the 2x2 matrix and m,;,

my; depending on the dispersion function.

The horizontal position and angle of the particle at element 2

now depend on the momentum deviation 5p

Xy=myy-xy+mygx |+"'|3?

X' =My Xy gy X iy —~

Feb. 1996 0
%

Expression for m,; and m,;,

Consider a particle with a momentum error 8p moving on the
closed orbit belonging to 8p. The horizontal position and angle'

of the particle at any position s in the machine is given by
Gw)06)E i) ()T
r r
and at elements 1 and 2

x (8)=p, Ld «(&)=-p, >

P r
L4
N O
P

By comparison with the transfer matrix M expressions for m,,
and my, are derived
Dy =my-Dytmyp Uy +mpy

D =y Dl -H!lzz 414 1 +ﬂl23 ﬂnd

’ﬂ
myy=Dy-D,- ;-z—(com-m' -slnn)—D 1 ~Jﬂ| P sinp
1

D By
my1=D, +_W%;{(lm| oy )-sln;u(uz -o) M]—D 1 Ji{mm: cinp)
or when using D, and D',
my3=yB2 (Dpy ~Dyy cosp-07 , sinpt)

1
myy =-B:(D"2 -Dyy @y +Dy, (llﬂlli-tlzm-l)-”n' '(C(ﬂll-llzlllm),
2
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Effect of the Electrostatic Septum

The electrostatic septum cuts ofl particles from the separatrices.
Particles inside the septum are kicked by the electrostatic field
by a certain angle @. This difference in angle between particles
inside the septum and those remaining on the separatrix
transforms into a gap further downstream, where the magnetic

septum is positioned.

~ .
particle A

particle B
Magnetic
Electrostatic Septum

Septum

'N

—
X

phase advance p

gap

Feb. 1996 62
——— ey

Compare the movement of two on-momentum particles from the
electrostatic to the magnetic septum; particle A starts just inside
the electrostatic septum, pérlicle B just outside. As |he.'
thickness of the ES is about 0.1 mm consider both particles to
start at the same position xgs. Both particles start with the same
angle but particle A gets an additional kick @ from the septum,
With the 2x2 transfer matrix one finds the positions of the

particles at the magnetic septum

particle A Xpqg =My Xgg tMyy X gg +mp
X' g =Mz fgg tmy X gg+mpn 9
particle B Xpg=m, -Xgg +myy-X

x MS=M21XES +ﬂ‘ln'x‘ ES

Thus, the effect of the kick of the electrostatic septum seen at
the magnetic septum gives a difference in position and angle of
the particles

Aryg=m; @ Axyg=mp P

where Axys is the gap for the thicker magnetic septum

Axys=-/B B2 sinpt
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To make full use of the kick provided by the ES:

e ook for a phase advance ol 90°+n-360° (septa on same
side of vacuum chamber) or
e 270°+ n-360° (sepla on opposile sides)

o look for reasonable values of PBgs and PBus

Generally, during the extraction process particles with different
momenta are exiracted at the same time. (This is not the case
when using a transport mechanism that cuts slices of particles
with equal momenta from the waiting stack and brings them

into the resonance.)

Extracted beam

‘ The vertical axis
is betatron
amplitude

Resonance lines

Waiting stack
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If the Hardt Condition is fulfilled, separatrices for particles with
different momenta and amplitudes are superimM,
Therefore, all extracted particles reach the electrostatic sepmm"
on the same separatrix. As the momentum spread is small
(approximately 0.1%) all particles inside the electrostatic

septum get almost the same kick.

Transfer from ES to MS for particles with 8p ..,

Particle C starts just inside, particle D just outside the ES

particle C

peticle D Magnetic

Electrostatic Septum
Septum

—— <

X

phase advance t
l————'—’

Hardt Condition no
Separatrix is aligned on origin | | longer applies at MS so
by the Hardt Condition separalrix moves away
from origin
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Using the 3x3 transfer matrix between the two septa, one finds: Geometric situation at the septa
article C  xpyo=m, | Xgg+m 3 X' gq +tm ¢+m, E’i ‘ ’
P Ms =M1 Xgg Ty X gg T2 13 p X' X
-
: 4 kick particles A,C
X Mg =My Xgg My X ES”"Z:‘P”"Z)% i l_ b
. - T particles B,D
pﬂ“lc‘c D xMS =m“-xEs +ﬂ!u‘1 ES+ "1| ]; ‘/ EShiﬂ .
. L dp
* ] 4 ro—-
X
: Electrostatic
and A.IMS =m ? (p An MS :"122 9P / SGPIum

P e

The gap created by the ES is the same as for an on-momentum phase advance jt

particle, but it appears at a different position and angle. The

shift in position reduces the effective gap width for the

magnetic septum.

Al
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EFFECTS OF NON-ZERO ;3 AND ny3 MINIMISATION OF EFFECTS OF s

A non-zero m,; causes a loss of space for the MS and has to be
e  To fulfill the Hardt Condition, the ES must be in a region

corrected with a stronger kick of the ES

with dispersion (to date, we have only considered positive

5 dispersion at the ES). Fulfilling the Hardt Condition fixes
= or

8Py =My @ —l'"n ' m ‘ the 8p/pma: of the extracted beam and therefore it cannot be

used to compensate the effects of a non-zero m,,.

The extracted part of the beamn becomes longer and requires a
e  The loss of space for the magnetic septum due to my,

larger horizontal aperture in the MS
being non zero is proportional to YPys. Decreasing Pus
5 ' reduces the influence of m,;, but the gap created by the
Al, = m,,—‘ electrostatic septum is also proportional to VBys and

A non-zero my, is leading to a bigger divergence of the extracted becomes smaller. Overall the effective gap at the muguetic

beam at the MS and also requires a larger horizontal aperture in septum is reduced by decreasing Pus.

the MS

5 e The only effective approach is to reduce m,; directly
: P
Adiv,, = m,,;l

Note: At the ES any angle error will lead to losses, but at the
MS there will be a small clearence of say | mm and angular
spreads up to 1 mrad (approx.) will not lead to losses. For this

reason, only the m,; will be considered further.
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MINIMISATION OF my;

1 Both septa in a bending-free dispersion region

Dn

phase

In a bending free-region, the dispersion behaves like a betatron
oscillation and can therefore be described with a 2x2 transfer

matrix

(o)l mallo)
D MS myy My D ES'

Using this transformation for D and D’ it follows directly that

m3 and my; are zero and therefore:

The transfer via a dispersion region without crossing bending
magnets is always achromatic with respect to position and
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2Both septa in regions with dispersion and

bending
n [
Ep 5 H?
> phase

The transfer element m,, is given by:

my5=yPus {Dapes ~Dngs o~ ngg sinpt)
To make full use of the kick provided by the ES make the phase
advance either p=90°4+n-360° or p=270°+ n-360°.

For . =90° + n-360° it follows
"'la""wlﬁ; {Dnns -D nEB)

and therefore to make m;y=0

Dypg=Dngg Septa same side 90°

is required. Bul as shown in the presentation of the Hardt
Condition, one needs to work with a negative D', gs 80 m,; can
only be made zero by having negalive dispersion at the

magnetic septum.
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For = 270° + n-360° it follows:

my3=Bus {Doms+D ngs)

and therefore to make m;,=0

D,

n

ms=—D ,gs Sepla opposite sides 270°

is required. In this case, m;y can be made zero by having a
positive D,us and a negative D', gs just as required by the
Hardt Condition. A disadvantage of this solution might be that
the particles which are extracted have to be transported for a
longer distance in the machine (e.g. crossing of sextupoles

between the two septa would be more difficult to avoid)'

' if a sextupole is crossed (either resonance ar chromalicity) between
the ES and the MS, hen there Is a variable optical slement in the
extraction channel. Any change in the Q" or resonance sirength alters
the sxtrection geomelry

Feb. 1996 , 72

3 Electrostatic septum in a dispersion reglon

and magnetic septum in a zero-dispersion
region

M
' phase

=1

Dnl .

)
n

For Dys=0, the transfer element m; is given by

m|3=—.J BMS {DHES ‘COS',I."‘D"‘EB -sinp)
Position the ES in a 180° dispersion bump. If the bump was

created by single kicks, D, and D', can be described as follows:
D”(ﬂ)=Dn.o'8iﬂﬂ D,' (ﬂ)= D"o'COS0

and a simple expression for m,; is derived

my3=—/Bug Droggsin(d+1) coming out of a
my3=0 for (8+p)=n-180° dispersion bump

It is difficult to use n=1, since this gives exactly the position of
the dipole which is closing the bump. To keep m;y small, the
MS has to be positioned as close to the dipole as possible. For
larger n, there is again the problem of transporting the extracted

part of the beam through a larger distance in the machine.
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4 Transfer for un-fulfilled Hardt Condition

Fulfilling the Hardt Condition fixes the chromaticity and the
8P max Of the extracted particles.

If one does not fulfill the Hardt Condition, the chromaticity can
be used to adjust the 8p,, in a way that particles with different
momenla arrive at the ES with different angles in order to
compensale the effect of a non-zero m,;.

This method is used in the present PS slow exlraction scheme.

5 Transfers from zero dispersion regions to zero
dispersion regions are always achromatic
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CONSERVATION OF PHASE SPACE

In a linear machine, the (x,x"), (zz") and (Ap/p.r) phase spaces

are uncoupled and independently conserved.

— —a—

EMITTANCE OF THE The presence of a sextupole introduces two couplings:
(A) Firstly, between (x,x’) and (Ap/p,f).
SLOW-EXTRACTED (B) Secondly, between (x,x’) and (z,z°).

BEAM (A) is an essential part of the mechanism of extraction and
arises from the time variation of the positions of the
separatrices, which “cut” the phase space and “peel” off the

Prssonted by particles from the waiting beam.
M. Pullia
(B) is an effect that couples the emittances of the two transverse
planes. It can be minimised by making the vertical
Meeting held excursions of the particles small compared to the horizontal
ones (B.<<P, at resonance sextupole). The effect is due to
February 13th and 14th 1996 the high-order and cross terms in the magnetic fields; (see
basic theory lecture);
PS, CERN

2
B, =6Ayxz, B, =3Ay(x" - 2*), where Ay ”ili[dzg‘) '
0
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A GLOBAL VIEW OF THE EXTRACTED
EMITTANCE (1)

Consider a coasting beam with a relative momentum spread of
say Ap/p = 0.005 and let this beam be driven into the resonance

over say 500 ms. This is represented by the diagrams below,

Extracted beam

The vertical axis is
‘ betatron amplitude

Resonance lines

Waiting stack

horizontal axis is, primarily, the position of the
uilibrium orbit across the aperture, x, but

it can also represent momentum, Ap/p, if the
dispersion is non-zero, or

the tune, Q,, if the chromaticity is non-zero.

The Hardt condition is arranged so as to give typically a dp/p
for the extracted beam of 0.001. This is determined by the slope
of the resonance line. Over the time of the extraction the
separatrix acts like a knife shaving off the beam and the phase
space.

== —— -
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A GLOBAL VIEW OF THE EXTRACTED
EMITTANCE (2) '

The transverse (x,x') and longitudinal (Ap/p,f) phase spaces are

jointly conserved as a phase-space volume. By virtue of this

conservation, the effect of the extraction on the transverse phase
space can be evaluated by considering the simple model below.

/\ ”

4 Mementum spread Ap/p

Ap/p of stack

E,; of spill

Phase-space volume in
waiting stack
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A GLOBAL VIEW OF THE EXTRACTED
EMITTANCE (3)

For the phase-space volumes,

Ap
El.smt(g) Tnev = El.‘pill[’_'] Tspill'
stack spill

Some order of magnitude numbers would be, Ey k= 10mx107®
[m rad], (Ap/p)uax=0.005, Te,=0.5%x10"%, (8p/p)en=0.001,
Tooin=500%107s, 50 that E, yin= 50x10™'*n[m rad).

When dealing with small numbers of particles in iregularly
shaped regions of phase space, the statistical expression for the
emittance, given below, might be more meaningful, but the

above can still be used as a guide to the extracted emittance.

B, = (X" X Hxx)’

Thus, the extracted emittance in the plane of the resonance will
be extremely small. In fact, under ideal conditions (no noise), it

will be quasi zero.
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DETAILED ACTION OF THE SEPARATRIX .

Typically, a spill may last 500 ms and the revolution time will
be of the order of 0.5 ps, so that the full spill would vake some
10° trns of the machine. If the stack has a Ap/p of 0.005 and
the extracted beam a §p/p of 0.001, then the collapse of the
stable triangle for one particular band of monoenergclic.
particles would take 10%5 =2x10® tms. It may take some
particles as long as 100 tumns to leave the machine, once they
are unstable, but this is still very quick compared to the collapse
time of the triangle. This means that the band of particles
marooned outside the separatrix (unstable but not yet extracted)
will never be wider than about 107 of the full triangle height nor
older than 100 turns. Thus, the emittance of the band that is
being extracted is about 10 of the original emittance, which
agrees with the above.

Particles marodge¥

Particles leaving

shrinking triangle
the machine
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EMITTANCE WITH A TRANSPORT
MECHANISM (1)

e Instead of slowly pushing the beam into the resonance, the
wailing slack can be kept well away from the resonance and
the particles delivered rapidly to the resonance in small
“packets”. This reduces the effects of power supply ripple.

® By crossing the resonance line faster, a larger emiltance is
“marooned” outside the separatrix and the cxtracted emittance
increases.

® An alternative view of the increase in emiltance is seen from

the diagram below.

A /p

(Bp/P)ascx o a cyclotron) with a duty cy
As the active spill time is redu

the emittance increases

Spill has a fine structure (similar

:

Feb. 1996 81
e

EMITTANCE WITH A TRANSPORT
MECHANISM (2)
The effect of the transport mechanism is to introduce a duty

cycle into the spill. Since the active time of the spill is reduced,

the extracted emitlance increases.

ap £ _[% '
E.,,...-t( » )M Tev = ,,,pm( P ) w,T*'“[Spin duty racwr)

where

Spill duty factor = Time to cross resonance region (i.e. region
covered by the sloping resonance line) over the period between
beam packets.

EMITTANCE WITH RESONANCE WOBBLE

Wobbling the resonance has the same effect as above, as it
increases the rate at which the beam crosses the resonance. As
the resonance line advances it takes beam and when it retreats

there is a pause in the spill.
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WHAT IS THE MAXIMUM EMITTANCE THAT
CAN BE EXTRACTED?
This can be calculated by considering the rather impractical

case of a monoenergelic beam that is exactly on the resonance

tune and is suddenly subjected 1o a sextupole field. The beam
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HD=§[3ﬁocos§A2osin2§-—-A’ocos’1;-) (i)_‘

S
H0=iZA3 A3)
For convenience the diagram is now rotated by 90° and X
becomes X' and X' becomes X. One third of the beam leaves

along each separatrix (see below).

then finds itsell instantaneously sitting on phase-space

trajectories that leave the aperture as shown below. The stable A
triangle referred to earlier has collapsed infinitely quickly and Magnetic septum. - This is the By
final transverse emittance R
left all the particles “marooned™ and unstable. » :
) Limiting ph.asc-space trajectory Original beam of *X’ :
for beam as it leaves aperture aiittance ransfer lo
o magnetic sepium
______ A
A : 94 8 >
.'_':E: x ‘.:yg G o, ' = x
= "\ AR
k Electrostatic septum
[Once in the ES the beam no longer
£ s : ‘sees’ the sextupole. All beam passe
H=_(x’+X”}r—{3XX"—X ) ) lthrough this aperture, but over the
2 4 time of many turns.

Put =0, (i.e. infinitely fast application of the resonance) and
Substitute (3) in (1) and rotate by 90°,

evaluate H at the point A or B on the limiting phase trajectories
A3=:F(3X'X2—X") @)

for the beam as it leaves the aperture.
e e
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The transverse emiltance is found by integrating between X, and
Xo+AR (the aperture of the electrostatic septum). Once the
3

beam is as far out as the electrostatic septum X'<<X and the X'

term can be neglected. Thus,

3l
Area=2[" [ Ao Lix 2l Lo _L |
% |3x 370 X, X, +AR

Now express the area as a [raction of the initial emittance,

(rAo?) and make the approximation (1+AR/X,) '=(1-AR/X,),

2A, AR
3n X2

Max. fraction of E, that can be extracted= (6)

The spiral step AR has been set already to 0.01/¥B [m'?] and X,
will be 0.034B [m'?] or very close to this value. If Ag is chosen

as 0.01/VP [m"?] then the absolute maximum emittance that can
xtracted under these condition jus 4% of the origina
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EMITTANCE CONTROL

The emittance is important for the spot size at the patient and
the optics of the gantry. The preference is for equal Wransverse
emittances i to be i ible to extrac

neur equal emiltances,

So what methods do exist for controlling the emittance at the
moment of extraction, or can the “equal emitlance criterion™ be

relaxed, or what else can be done?
At the moment of extraction

In fact there is Iitlie point in varying the emittance between zero
and say 1%, but for the completeness of the discussion it can be
added that:

(i) The spill time does enter into the emittance, but the spill time
must be fixed according to the operating plan for the machine
and will not be an effective means of controlling emittazce,

(ii) The steeper the resonance line, the smaller the extracted
momentum spread and therefore the larger the extracted
transverse emittance. But again, the slope of the resonance line
will not be a free parameter. This is set by the Hardt Condition.

(iii) The use of a transport mechanism does introduce some
flexibility, but it is not sure that a suitable mechanism exists.
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Relaxing the ‘equal emittance’ requirement

[The following scheme is believed to have been suggested by L. Teng,
FNAL, and was reproduced by C. Carli.]

The normal modes in the transfer line preceding the gantry are
rotated to match the gantry angle.
If this is done in a bending-free region, the dispersion veclor,

which behaves like a betatron oscillation, is also rotated.

This scheme has two advantages:

(i) Unequal emittances can be used, just as il the system had
normal optics

(ii) It is no longer -necessary to start and finish with zero
dispersion, which is difficult in the limited space of the gantry
with the large bending angles. The dispersion can now be
launched from earlier in the transfer line (likewise, the focusing
can be partially moved to the transfer line). This may reduce
the number of quadrupoles and the length of the gantry.

On_the negative side, a straight section of transfer line must

have its quadrupoles mounted in roiier-cradles, but it is
relatively easy to rotate a quadrupole compared io a gantry.

Moreover, additional space may be required for the roiator.
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NORMAL MODE ROTATION

e Consider a section of bending-free ‘transfer line with a.
betatron phase advance of 360" in the x-plane and 180" in the

z-plane. The transfer matrix for the normal modes of this line
will be;

100 O
01 0 O

MMI..OI s 00 -1 0 (l)
00 0 -i

o This line is rotated by o, which is set to be half the angle of

the gantry, 2ot
Rotator 20
[Quadrupole lattice with]
Ap,=360" and Ap,=180" A
0 «
L No nsfer]
line
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e Due to the rotation, the angles and positions of each particle

in the beam will be resolved into the normal modes of the

rotated section according to;

" coso 0 sina 0 x
u 0 cosa 0 sina | X 2)
v | -sine 0 cosa z
) 0 -sina 0 cosa .
v Rot 2/ In

e Il now the gantry follows at an angle 2a (i.e. the rotator is at
half the gantry angle) the normal modes are again resolved to

give the overall transfer matrix

cosat 0 sina 0 1 00 0 cosa 0 sina 0

o cosq 0 sina O 1 0 O 0 cosa 0 sina

-sina 0 cosx O 0 0 -1 0 | -sina 0 cose O

0 -gna 0 cosa/AD O O -I 0 -sina 0 cosa
e 0 siha 0 cosa 0 sina 0

0 cosm 0 sina 0 cosa (1] sina
-slaa 0 cma O siha 0 -cota 0

0 -sipa 0 cosam 0 sina ] -cosm
cola ssnla 0 sinacosa - cosasina 0
0 conla +sinla 0 sina cosa - cosa sinat _
~sina cosa + cosasina 0 -colzl'.l - lillzll 0
0 —sina cosa + cosasina 0 —cmzu - |lnzu
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u I 0 0 O0Yx
u' _ 1 0 OfxX
v 1o 0o -1 0z

Thus, the normal modes (x,x’) and (zz') map directly into the
gantry modes (u,u’) and (-v,-v") independent of the gantry angle.

—— s

The rotator is optically very simple and could be 4 FODO cells
with 90° phase advance in one plane and 45° in the other.

OTHER CONSIDERATIONS

If a rotator is used to match the normal modes to the gantry
angle, then the dispersion vector (D,D') would also be rotated
and matched to the normal modes.
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CONTROLLING THE SPOT SIZE

e At extraction, the beam has its original vertical emittance.
Horizontally, it has quasi-zero emitlance and is a line
distribution about 12 mm long when projected on the x-axis.

e A ‘rotator’ makes it possible for this large emiltance ratio to
be accepted by the gantry, independent of the gantry angle.

e Despite the small horizontal emittance, the spal size can still
be controlled with zero dispersion at the patient.

e The horizontal emittance has the form of a very thin “bar”
that can be matched 1o the axis of an ellipse at the input to the
transfer line. This ellipse is transferred to the gantry “nozzle”.
Providing the optical design is ‘smooth’, the “bar” will
remain straight. By adjusting the ellipse size and the phase
advance (i.e. the angle of the “bar”) any spot size from very

small to at least the original 12 mm can be obtained.
A, P A dnrdx

X x
— SEEESEEES——
At extraction In transfer line
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MONTE CARLO SIMULATION OF THE SLOW
EXTRACTION

A Monte Carlo simulation of the extraction process has been written with the
following approximations:

1) the accelerator is not considered in detnil, It only appears in the
one-revolution matrix in the normalised phase space:

(cos(hQ) sin(2rQ)
—sin(2rQ) co:{!uQ)]

2) only one sextupole (eventually the comesponding virtual one) Is
considered. Moreover, it is considered to be a thin lens, that Is its only
effect is a kick AX" = S(X* - B, Z/B,) and AZ’ = -2 § P, X2/ P,, where S is
the normalised sextupole strength and f, end P, are the betatron
amplitudes at the sextupole.

3)  ihe beam is generated eccording to a gaussian density prohability in the
(r,x') and (z, z') phase spaces and with a uniform distribution in
momentum of a given width.

4)  the beam can be accelerated into the resonance by edding a constant Ap to
each particle at each turn, All the particles get the same Ap.

5)  no ripples are considered at the moment,
6) the electrostatic septum (ES) is considered infinitely thin and no losses are

taken into account. A particle is considered to be extracted when Hs X
position at (the beginning of) the ES exceeds the X coordinaie of the ES.
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FIRST SIMULATION

Input parameters:

Alphatx 0.0

Betatx 7.0

Epsx 1.38e-6 it m rad (1 o emittance = 40 %)
Alphaty 0.0

Betaty 20

Bpsy 1.38¢-6 m m rad (1 o emittance = 400 %)
BetaES 70

Dn 7.405 (to satisfy the Hardi condition)
Dpn -7.405 (1o satisfy the Hardt condition)
MuES 0.78539

MuESy 0.78539

PSpread 0.00 (monoenergetic beam)

Qx 23333333 (beam on resonance)

Qy 1.58

Qpx -5.0

Qpy -50

S -6.0

dppt 0.0 (no acceleration)

xES 0.03 {m, real space)

Seed 3 (random number seed)

4000 particles have been used, allowing for a maximum number of 500 000 turns
The first particle is extracted in 129 turns, while the last needs 112 994 turns.
If the emittance is evaluated using the statistical definition

S (R (P S

considering all the extracted particles, we get:

€p = initial emittance calculated on the generated distribution = 1.39 10 x m rad
€ = extracted emittance = 3.57 10° = 0.0026 ¢p

A detailed analysis shows that the extracted emittance varies during the spill
from about 9.4 10 at the beginning of the spill to 1.2 10” at the end.
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Detailed image of the extracted beam: magenta points represent the first 500
extracted particles; the blue points represent the last 300 extracted pasticles.
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X
|p(a)da vs X. Where p(X) is the density of the extracted beam. This picture
XES

shows that the extracted beam is uniform.

Masriter of extractad particies ve g

Extrected current vs time
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SECOND SIMULATION
Alphatx 0.0
Betatx 7.0
Epsx 5.5¢-6
Alphaty 0.0
Betaty 20
Epsy 5.5e-6 INITIAL CONDATION
BetaES 7.0
Dn 7.405
Dpn -1.405
MuES 0.78539
MuESy 0.78539
PSpread 0.0015
Qx 2.3425833 ‘? o
Qy 1.58 g
QP; -50 Aplp=0.033% App =03
Qpy -3.0
S -6.0 dppt  6.7¢9
xES 0.03 Seed 4

The acceleration is such to bring all the beam to the resonance in 500 000 tums.
Neglecting the 37 particles out of the 4000 generated that showed a strange
behaviour ending their run in the 4th quadrant (see fig.), the emittance of the
extracted beam is 1.3 %o of the original one.

an




96

Feb. 1996

Tima siructure of the extracied beam

Transversa profile of the exirected beam
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STRATEGY
FOR THE TRANSVERSE

PHASE SPACE

presented by
P.J. Bryant

February 13th and 14th 1996

PS, CERN
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GENERAL

eThe present aim is to design to a second-generation medical

synchrotron that has customised lattice functions to perform specific

tasks in different sections of the machine and to implement active

ener

variation and positional scanning. First-generation machines

are characterised by regular lattices with passive scattering systems

for changing beam momentum and shape.

oThe patural_starting point is the resonance exiraclion and the
conditions it imposes upon the machine design.

oTransverse and longitudinal problems will, in many cases, be treated

separately, for convenience.

F

The Initial questions are:

How do we manipulate the resonance and the waiting stack?
How do we layout the components for the resonant extraction?

How do we adapt the lattice to achieve the desired result?
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LAYOUT OF APERTURE

oThe resonance needs to be in (or near) the centre of the chanber to

give a balanced aperture for the growth of the separatrices.

oFor negative chromaticity (Q' < 0) the waiting stack must be

In outer half of chamber, In inner halfl of chamber,
il below resonance il above 1esonance

eApproximate dimensions should be:

60 himdhs;

e

T
&Y rwnm o BRI
LG hn”‘f]{’f’

oExtra aperture and a single passage through the “poor field” region

might be needed between the electrostatic and magnetic septa.

olt is like eparatrices i eir final 3 tu fine the
i uireme

oThe closer the ES is to the resonance, the shorter the separatrices,

but the stronger the sextupole, which has a number of disadvantages.

=
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LAYOUT OF EXTRACTION ELEMENTS

Two principal possibilities exist:

° Sepla on th ide of the cha i 0

o The electrostatic and magnetic septa will be at approximately equal
distances from the centre line, since the electrostatic septum is best
positioned at the 45° point on a “rising” separatrix and the

magnetic septum at 45° on a “falling” separatrix.

e e e )

bt
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1ST & 3RD QUADRANT OPERATION

e Note: Anti-clockwise rotation = below resonance

oNegative chromaticity rules out the two possibilities
for (0—Ap)=135" in Ist & 3rd quadrants (see earlier)

Stack above rci)nance

and in inner half of chamber

Q'<0. O.K.
(= -
w

(a-Ap) = 315°

Q'<0, O.K.

—

(o—Ap) =315°
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Second Conclusion

Of the above two possibilities, the stack positioned above resonance
in the inner half of the chamber with 90° phase advance between the
septa is preferred. This determines the term (a-Apt) for the Hardt
Condition to be 315°.

The second choice is the stack below resonance in the outer hall of
the chamber, but with 270° phase advance to bring the magnetic
septum to the outside for easy extraction. This again determines the

term (o—Ayt) for the Hardt Condition to be 315°.

eOperation of the ES in the 2nd and 4th quadrants was ruled out by
losses on the septum wires (see Hardt Condition). '
oThe 270° phase advance is not ruled out, but has two unfavoured
aspects:  Firstly, it is more likely that it will be necessary to accept a
sextupole between the electrostatic and magnetic septa, which puts a
variable element into the extraction geometry il the resonance
excitation and/or chromatic conditions are changed.

Secondly, it feels, intuitively, that aperture will be lost for the
stack by “encasing” it between the two septa. However, that depends

on the local lattice functions and may not be a valid objection.
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BUILDING THE LATTICE

Two things are now required of the lattice for

extraction:

To satisfy the Hardt Condition with negative chromaticity.
To provide a 90", or 270°, achromatic transfer between the

electrostatic and magnetic sepla.

A number of candidate lattice types exist:

“Square” lattice, using the “comer” dipoles to create dispersion
bumps on two opposite sides and dispersion-free straight sections
on the remaining two sides.

The “extended-dispersion-bump™ that increases the free space
within the dispersion bump by adding a central dipole.

Lattices that use two arcs separated by dispersion-free straight
sections.

It appears to be very difficult to satisfy all of the “ideal oplics
conditions” completely, but workable compromises can be found.

Some discussion of the various lattice types can be found in the

chapter Lattice Considerations.

107
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THE FINAL STRATEGY

Start from a lattice with two 360%betatron-phase-advance,
achromatic arcs, joined on each side by two dispersion-free
straight sections.

Place the electrostatic septum in the second half of the arc where
the Hardt Condition can be adequately fulfilled.

It is then necessary to relax the requirement of the achromatic
transfer between the septa.

Analytic solutions do exist for crossing dipoles achromatically, but
in general these require more phase advance (at least 270°) than is
conveniently available, Large phase advances also increase the
possibility of having to include a sextupole between the septa.

The first compromise is to search for a small m,; term and to leave
the myy term free.

For the phase advance between septa, look for a compromise that
fulfills the Hardt Condition and creates a reasonable gap for the

MS while not creating a large m,;.
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LATTICE CONSIDERATIONS

M. Benedikt

February 13th and 14th 1996

PS, CERN
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THE RING

The underlying construction.

General leatures

e The resonance extraction.
The underlying construction

e The design is based on two achromatic arcs (i, and p, =
360", 180" bending) that have been detuned and joined by two
dispersion-free straight sections.

e This type of arc is extremely useful at the start of
matching in a symmeiric structure, as it will accept any Twiss
input values and return them at the exit, aiways with the same
phase advance.

e A symmetric structure is preferred, since in general it
requires fewer quadrupole families.

e The arc was based on a FODO cell, in which the F was
later split to form a FODOF with longer drift spaces after each
pair of dipoles. One advantage is that the B, and f; are quasi-
constant in these drifts. In the normal FODO, they vary rapidly
across drift spaces and tune changes can alter values at monitors

elc. more easily.
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o Alternatively, the arc can be described as a series of SPLIT-FODOF-ARC

triplets, in which the B, is kept small and the vertical focussing

of the rectangular dipoles is used to limit the peaks of j,. The =H=360", Brn=Prow=T.53m, Pru=Prow=281 m

smaller P, is important for the aperture as the D, maximum is

large. tsopp  Horizontel & vertical betatron empitudes (m)

INITIAL FODO ARC

L=1,=360" B u=Biw=T.84 m. B, .=B,0=1.616m

Horizontal & veriical betalron ampliludes [m]

ssopp  Hortzonial & vertical dispersion functions [m] , e l I . T .
i it s —

- - _,.\ ]

———i ;
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FLEXIBILITY OF THE SPLIT-FODOF- ARC

ul=u1=360nv Bl.irI:Dl_lluC:s m, Bt.in=Br.uut=6m

Horizonlal & vertical belatron amplitudes [m]

The above graph illustrates the ability of the 1:1 mapping

arc to return any input values at the exit.
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LATTICE FUNCTIONS

Horizontal & vertical betatron ampiitudes [m)

The lattice as shown has 2 quadrupole families. A third
family may be introduced later to ensure adequate tuning for
space-charge effects at injection.

0O, = 1.66, Q.=1.58

Q'.=-147, Q',=044
e
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GEOMETRY

Horizonlal Plan View [X-Y plane)
Drawnona 2.5000m square grid

I RF

&eulullut
Sexiupole

i i

2 superperiods, with mirror symmetry within a superperiod.

Circumference is 71 m
Y. =2.01
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GENERAL DESIGN FEATURES

oThe two dispersion-free regions are reserved for the RF-
system(s), resonance sextupole(s) and the magnetic septum,
The B, value has been reduced in these spaces to make the ratio
with P, small (B,/B, =0.33). This minimises the coupling
between the two transverse planes (AX'=S-(X*-Z'P/B.)). The
low value of P, is maintained throughout the extraction septum
to reduce the vertical aperture. In fact, B, has its overall
minimum for the ring at this position (a8 2.8 m waist in the
centre of the drift space). Elsewhere, the f, is limited between
15 m and 4.8 m and P, between 13.7 m and 3.8 m.

o At the centre of the arc, there is & 3.2 m drift space for
multi-turn injection with a combinination of betatron and
momentum stacking. For this reason B, is small (4.4 m) and D,
is large (7.75 m). '

© The electrostatic septum has a drift space of 1.7 m

o The magnetic septum has a drift space of 3.8 m, which
will mean that only relatively weak septa will be needed.
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LAYOUT OF EQUIPMENT IN FIRST HALF"-“
OF RING

e The RF has a drift space of 3.8 m.
o The chromaticity sextupoles fit naturally into the arc.

e There are 2 quadrupole families. The quadrupoles are — oatcoried s unviicalSeiion -

low-field, straight-pole units. A ~ ~ ‘oo

o The very smooth Twiss functions avoid high quadrupole
strengths.

e The dipoles are 1.4 T, rectangular magnets 1.85 m long.

The sagitta is + 4.5 cm, which could be accepted by widening

the pole or by slipping the laminations radially to give some

curvature.

o E=ach quadrupole triplet with its two dipoles has a central

drift space for diagnostic, vacuum equipment and chromaticity

sextupoles.

e The lattice is very flexible and can be tuned over a wide

range. This is important for the space charge at injection.
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LAYOUT OF EQUIPMENT IN SECOND HALF
OF RING

15.000 Horizontal & vertical betatron ampliludes [m]
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THE RESONANCE

° Both septa are on the same side of the vacuum chamber. -

o The electrostatic septum is in the second half of the arc in
order to have D, posilive and D', negative. This allows the
Hardt Condition to be satisfied in the most efficient way.

e The magnetic septum is placed in the following
dispersion-free drift space. The phase separation of the septa is
50", which gives 80% of the maximum theoretical gap cpened
by the kick of the electrostatic septum. The phase shift of 50°
has been chosen as a compromise with the 45° that reduces the
m,3 term to zero. The terms in the transfer matrix quantify this
balance:

my2 = 8.6, which with a 2 mrad kick gives 17.2 mm

my3 = 2.9, which with Ap/p =0.001 cuts the gap by 2.9 mm.

o Since phase advance between the sepla is less than 90°,
the separatrix has been advanced in phase (0 make it more
perpendicular to the D,,D’, vector.

o The Q’, is negative (Hardt Condition), which ensures the
stability of the coasting beam. @', must be set negative,
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EXTRACTION PLOTS AT ES AND MS

D'y VERSUS Dy FOR ONE SUPERPERIOD

A A LT R

Flg. 1 : PHASE PLANE AT 3

T L b L T

: PHASE PLANE AT SEPTUR

Flg.



Feb. 1996 123
—_—

GENERAL CONSIDERATIONS FOR OTHER
LATTICE TYPES

Square lattice with two 180° dispersion bumps

¢ The septa are positioned in the straight section in one

dispersion bump on the same side of the vacuum chamber.

® As there are no dipoles in between the sepla the transfer

is achromatic

© The phase advance between the septa is small and
therefore a much stronger kick of the electrostatic septum is

required,

© The Hardt Condition can be fulfilled but with positive
chromaticity, which is unfortunate for stability.

Feb. 1996

“SQUARE” LATTICE

Horizontal Plan View [X-Y plane)

Drawnona 2.5000m equare grid

O:= 1.66; Q.= 1.57
Circumference =71.8 m
Phase advance ES to MS = 32°
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Lattice with an extended dispersion bump

o To increase the phase advance belween the septa a

dipole(s) is added to make a double bump.

o The septa are positioned on either side of the central

dipole(s) on the same side of the vacuum chamber.

e As there is now a dipole(s) in between the septa the

transfer is no longer achromalic

o The phase advance between the septa is increased with
respect to the “square” lattice and the electrostatic septum kick
is reduced.

e Itis difficult to fulfill the Hardt Condition with negative

chromaticity.

Feb. 1996

Extended dispersion bump lattice

Horizonlal Plan View [X-Y piane]

Ql = 2'33: Q;z 1.58
Circumference =72 m
Phase advance ES to MS = 77°
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PHASE DISPLACEMENT

ACCELERATION

presented by
E. Ciapala, SL

February 13th and 14th 1996

PS, CERN

Feb. 1996

Longitudinal Phase Space

* Particle motion described by :
;o O LT %
e =l

E'=2ﬂzi‘&(sm -sing,)

° For small amplitudes w.r.t. synchronous particle :

1_eVp &) hncosd .
For 0! —'T:ﬁ,—l- positive - stable motion
8 =adE SE=-b8¢
1_ b o tVer &5 ncosd,
0, =ab IREP
e For large amplitudes :

A&-s—g:—(sm'-sino )=0
cosd, !

= See phase plane trajectories :
=> Stationary bucket

=> Moving bucket

150



[~ 4
~

m
.0
n

| .
&

Q

&2

[3 ]

2

££

[£H

=
%/.g
-

™)

|

o

o

[ 5]

(8]

<

L v% u




Feb. 1996 153 Feb. 1996 154

e | |

1 ACCELERATING
BUCKET
Phase Displacement

* RF bucket moving through a coasting beam (stack) results in an

overall displacement in the opposite direction -
e Particles cannot enter bucket and move round to new :::3:‘5”1
energies. AFTER
(Phase space density inside coasling beam cannot increase) ‘1} ///l' TRAVERSAL
A, Ilm
° For bucket height << stack ‘width’ the net displacement * // // // // // AZ /
is the bucket area. '

* Hlustrated in Figure and Simulation. '
® Scattering effect - Dependent on I'

* Motion complex, Solutions need computation.

4 - l
0 n ®

Usually analysed by computer simulations of particle motion.
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Gamma = 0.20
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. . i -,
e Particle Scattering
For each sweep
AE_=TA /2% AE,_ =T
Result obtained from simulations, confirmed by experiment
(ISR)
° RF Noise

o Allows particles to enter bucket during sweep
e.g. modulation near synchrotron frequency causes particles

tospiral  in and out of bucket
° Resultsin:
¢ Increased energy spread
¢ Reduced energy displacement
* Larger rms width increase per sweep
e Cures:

¢ Phaselock
¢ Careful design of low level RF (reduce phase noise)

e e D
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” = 3 *Variation in Bucket Parameters
-:‘; Assumption of constant bucket area during sweep not completely
a i valid.
4
g Change of real bucket area during the sweep will produce
p the same effects as RF noise.
: Special case : CERN ISR, y>> y, and [nj<<1
3

N For the variation in area of a stationary bucket :
3 a0
e A, 2E
2
" i.e. the area increases with decreasing bucket energy
L
& For fixed rate frequency sweep the real value of " =sing,
o . changes :

w = £ e

- (] =2 0
L A
; ;:' r E
ua i.e. The real value of I increases, resulting in a decreasing
] bucket area.
azZ

! - ,; The two effects are opposite an can be made to cancel cut.
s
-2 If a(r) is the ratio of the area of a moving bucket to a
< oe stationary bucket, then for approximately constant bucket area
E a through the sweep :
e
gt 44 .24, , 8a0)
A A all)

- This satisfied for =025
o
Z
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Conclusions

* Simple means of acceleration or displacement of coasting beam
e Some overall loss in phase space density inevitable
(occurs mostly al start of process)

* Losses, blow up per sweep become stable after a number of
sweeps

¢ Care needed in RF system design (Noise, program linearity ..)

¢ Simulations play main role in analysis
(Straightforward nowadays ..)
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FEASIBILITY OF A PHASE-DISPLACEMENT
ACCELERATION SYSTEM AND A
MICRO-BUCKET TRANSFER SYSTEM

FOR ‘FEEDING’ THE RESONANCE

presented by
M. Crescenti

February 13th and 14th 1996

PS, CERN
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PHASE DISPLACEMENT ACCELERATION

IRF olll R o RF on

1 line Amplitude

emply
buckets

8 Stack
&

rrueb )
__ _Qres Aplp AlILQ

0.1% 0S%App 0.1%

wew | QIOICICICICIOI0I0IOH
[

aw ool — m.,
23 | 5

) he2n " J’

sloiselsivisieieie

Fhase
Small empty buckels are creaied at the resonance energy.

The buckets are decelerated through the stack, that Is swept to higher
energy (AW=Ay.u/2%). During the sweep, a AP/P increase eccurs
(stack dilution).

The particles are extracted in small micropulses (not! continwons
process) with a AP/P = 0.1 %.

The speed of the sweep (l.e. of the acceleration) Is lmited by (he
synchrotron frequency.

The bucket dimensions are kept small in comparison with the stack lo
limit disturbancies to a small portion of the stack.

The ¢....action stops if the RF power Is switched off.
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FEEDING THE RESONANCE BY UNSTACKING

ACCELERATION STARTING FROM THE BOTTOM OF THE
STACK.

—

Amplitude

H

Resonance
iline

)03

filled Stack

buckets

L L L T h
. Qres Aplp . ATIQ

<*

01% osS%Ap/p D0OI%

The beam is trapped in small buckets created at the bottom of the
stack.

The buckets are accelerated through the stack until the particles are
extracted.

The number of particles extracted at each sweep Is proportional to the
bucket area.

The stack Is swept down by AW=Apea./2n, stack dilution Is not
avolded.

The frequency swing Is constant.

ACCELERATION STARTING FROM THE TOP OF THE STACK.

;‘::““" Amplitude
filled 8
bockes T3
Stack
T T T T .

Aplp ANILQ
v.S% splp Gons

The berm fs trapped In small buckets created at the top of the stack.
The buckets do not traverse the stack, thus avolding stack dilution.
The frequency swing |s variable.

Feb. 1996 173

BUCKET CALCULATIONS

stationary bucket areafeV x s]:

hxexV, xW
A =AO0)=16x—P x [AXeXVYy
2xm X f,, xh 2xn x|

stationary bucket helght [eV]:

=(2><Jix|3)thxexv,,xw

h 7t xn|

H,

stable phase and related parameters:

4,(I)

¢,,I'=sin¢,,a()= A, (0)

» Y(I')

bucket area [eV x st

A, = (D) XA,

bucket helght [eV]:

Hl:
2

H, = Y([)x

synchrotron frequency (Hz]:

exV, x2xmn X fre) X h X7 X cos($,)
Wxp?
2XT

Q =

5
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ACCELERATION

frequency sweep [Hz}:

Bomreg = S XM X £, X b

kinetic energy increase per sweep [eV]:

AW“",, = Ay
2XT
number of sweeps (theoretically):
N - AWIOI
Awswezp
maximum speed of the sweep [Hz/s):
. n X ftjl
= xexV, xT
T PBIxWxh /
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TENTATIVE PARAMETERS

® AP/Preee =05 %

limited by the dimensions of the vacuum chamber.

e h=10/100

tentative to provide an as much as possible uniform “feeding” of the
resonance,

o ¢ =15deg
usually chosen between 10/20 to keep conslant bucket area during the
frequency swing,

o V¢ less than 3 kV

need (o keep it as small as possible to reduce the RF system requests,

¢ number of sweeps < 100

need to limit stack dilution to a max AP/Py, = 0.7 %.

o splil time = 250 ms

need to limit the treatment time.

e nr of particles per micropulse ~ 1E9 protons, ~ 1E7 lons.
e nr of particles per pulse ~ 1E11 protons, ~ 1E9 lons.

tenta... < o cope with voxel scanning specifications.
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'l'ENTATIVE CHOICES FOR A PHASE DISPLACEMENT ACCELERATION INTO THE

RESONANCE (b=10)
[ Gncuscnorgypornusioon |- G0Movp | 300MoVp | 130MoVA "C- | 400MoVAI UGS |
_1 18684 | 1: 1.128 1435
] ) | 0.853 0.£33 0.713
1 {pa3) 0.772 0483 | 0875 ’ 038
o [RlH2] 1380 | 35m w20
[ 2575wt (Ap/p beomed 5%) %] (32 %] %] (X}
[ Atemtpfp & Lo n x h (3] 7 X 253 749
h 10 10 10 10
BUCKETS
& Jéog) 15 15 5 15
T'=aong, 0259 0.259 0289 0289
Va[V] 2 170 700 2700
Faltz) 135E407 | 2.88E407 1BIE0T 28407
Abuciat 124E<04 1.78E+05 4.CSE«05 3AE+05
Houchet[oV] 455E+03 T.14E+04 1565405 13TE«06
7.L0E+03 2AGE+04 1.88E+04
|___Ap/p incresse per sweep [%] 38TE08 223505 8.005-03 S.02ED5
[ PHASE DISPLACEMENT
. mesn current (nA) 32 32 388 L5
totainparticies 1.008+11 1.008+11 BOE+09 1.00E+00
_AWiotal [oV] _ 739504 7.805+05 24708 1.41E407
_8Wsweap [oV] 12a] 2045404 7408404 GABE«0S
noweops T B 25
PULSED FASHION _
T 5318 7801 260 [
Tmicropuiss [us] 702 [ 407 108
P >} >1ed »107 »107
Tsplll [s] ! o __on7 0243 0224
maxspeedofswoep [Hz/sec) | 1.30E+08 1.08E+08 2.65E+08 8.63E+05
Ap/p of extracted boam [%] i 0.1 0.1 0.1 0.1
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TENTATIVE CHOICES FOR A PHASE DISPLACEMENT ACCELERATION INTO THE
RESONANCE (h=100)
Kinalic energy per nucleon G0MoV p° 300MaV p* 120MaViu "C"__ | 400MaViu "G |
Y 3 1.054 132 1.128 1426
B j 0.342 0.853 0.483 0.713
n (p=3) 0.772 0.483 0.676 038
1o [MHZ) 1348 2576 1.826 2815
[ ap/p total (ap/p beam=0.5%) [%] 0.7 0.7 0.7 (%]
Algap AP X fpee X 1 X h [KH2) 730 835 ] 749
h 100 1 100 100
BUCKETS
o, [oeg) 15 15 15 15
T=seng, 0258 0.259 0259 0259
ValV] D 3200 =)
Folz] 135E+08 2.50E+00 1.53E+00 282E+08
Abuckst [eV-rad) 554E403 D.00E+04 2.00E+05 155E406
Hbuckal [oV] 222E+03 324E+04 B34E+04 G.10E+05
Bynchrotron Frequency [Hz) 3.13E+04 2.8TE+04 1.10E+05 SS3Ew04___|
Ap/p increass par sweep [%] 4 34E-06 1.00E-05 ILEOE-05 136605 |
[~ PHASE DIBPLACEMENT | _
maesn current [nA] ! 32 32 L3 385 |
totsinparticies 10011 1.00E11 1.00E+00 1.00E+00
aWtotsal (oV] TI0E+04 | 7.008+08 2.4TE+05 | 1816407 |
Aviswesp [oV] 281 1320E+04 —331E+04 2.48E+05
~ noweops = ] 7 _ &
[ PULSED PASHION __
' Toweep [us] 2000 /2 3230 254
- Temicropuses (o] 380 480 407 53
| mporticissperswesp >1e9 >1e9 >ie7 >10
Topil fs] 03385 0232 [T 0244
[ maxspocdotowssp [Huiec] | 260808 | 2188400 285408 1.7BE+08
of extracted beem [X] o1 (X] — 0.1
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" TENTATIVE CHOICES FOR A MICROBUCKETS ACCELERATION TO FEED THE
RESONANCE (b=10, proton case considered)

[ ACCELERATION PROM THE BOTTOM OF THE STACK | ACCELERATION PROM THE TOP OF THE STACK
rets creray. SoMeV p O CTS 360MeV p°
BOE+ 1.008+11 100811 1008411
— =53 = =5
h 0 0 10 10
_9[cog) 18 18 15 15 )
Va[V] 0 W 2 W
Fotz] 138E+07 2508407 135807 2538407
Sp/p tner. Guo 1o trav. bucket%) | 1ATEDS 0L3E00 T 7
|__Synchrotron Prequency [Hr] | 8.366+03 5.74E003 6385403 S.74E+03
[ maxsposdoteweep({Hz/s] | 1.04E+07 [ ! . et
' — T wocp Soweap | MIN isweep | MAX fowesp |
Aleeymdp/p X o, XN X 1 [HZ] | 6358404 7185404 1048408 | G386+04 | 1.10E+D4 | T.10E404
' Avnots foV] B3ME«04 G.G0T+03 G348w08 | G.83E+05
AWoweop foV] R 25TEe04 178 25741
' mumbsrotewesps 3 = % ]
Toweep [u0)] e017__ 213 _10m 017 1389 3
[ Tmicroputes [us] T uas T2 1028
‘ Tepill [ma) 216 3 218 213
[__2p’p of extrected beam{%) 0.1 0 0.1 0.1
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TENTATIVE CHOICES FOR A MICROBUCKETS ACCELERATION TO FEED THE

RESONANCE (h=100, proton case considered)

ACCELERATION FROM THE BOTTOM OF THE STACK | ACCELERATION FROM THE TOP OF THE STACK
kinatic energy | G0MeV P 300MeV p* GOMaV p° 300MaV p
totainparticies | 1.00E+11 1.00E+11 1.00E+11 1.00E+11
nparticiespersweap »109 >109 »108 >108
n T__100 100 100 100
% [0og] 15 15 16 15
Va[V] @ | 280 & 280
FoiMz) 1.35E+08 258E+08 1.35E+08 2.50E08
AP/p Incr. due to trav, " 1ATE-D6 9.056-06 7 i
Synchrotron Frequency [Hz] '+ 2.50E<04 257E«04 | 2.80E+04 2.5TE+04
maxspasdotswoep{Hz/s] 2.08E+00 1.74E+00 ! f 1
MIN tewesp | MAX foweep | BN fowesp | MAX
| AleepmaPp X Lo XN X h [HX] | 625E+05 7.16E+08 ~1.04E+05 | G2SE«05 | 1.10E+05 | 7.16805
AWiotal foV) GI4E+D4 G.80E+05 634804 | [T
AWoweop [oV) T8 1.16E+04 ] 11811
numborctcweeps 80 [i] co []
— Towsop [us) 3008 4108 801 _ 3008 =) 4108
T I 813 378 )
__Tepilifms] 26 238 242 238
Ap/p of extrected beem[%] [X] [X] [X] [X)

i
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BEAM PULSE STRUCTURE (PROTONS W=60-300 MeV)

Phase Displacement and Unstacking from Bottom.

oh=10 Ve=25-170V
le9 pe
- 0.7-1 ms r ‘ f \
- 5.8 ms -~ 30.40 pulses
-~ 150 ms

e h=100 Vi =50-350V

- 3.4 ms ~ 60-80 pulses

~ 250 ms

Unstacking from Top.
ch=10 Ve =20-140 V
1e9 p+

~0.7-1 ms

~1-1.5ms ~ 28-35 puises ~68ms

~250 ms
e h=100 Ve = 40-280 V

e,

 0.8-0.7 ms ~ 60-80 pulses ~34ms

~2%0ms
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———— . ]

RF SYSTEM (h = 100)

Fi=100Mhz Af ~ 1 Mhz = Q = F./Al = 100

Z.1q) z.ia) '

o _O=100

R, " 0=50
A =T\
100 FIMHz| ([ FIiMHz)

Il we decrease the Q [actor we can do the Af swing without tuner.
Q-~50 Z.=R/Q ~ 10002 =R, =5k2
Vi~ 1000V |

P = V,¥(2xR,) = 100 W =>small power (o handle.

t=Q/Rx I/T~160ns =sthe cavity will rapldiy follow the swing.

F (Mi)
10041

10
laﬂFﬂBJIﬂ

Example: a pill-box cavity.

A

Small beam pipe dimensions.
Low dispersion region needed.
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CONCLUSION

POINTS IN FAVOUR

o very few paramelers lo vary: RF voltage, frequency swing.

o unstacking from the top good estimatlon of the number of particles
extracled per micropulse (+ Ay).

pulsed extraction (possible trealment with voxel scanning?)

easy and quick to stop: RF power of.

POINTS NOT IN FAVOUR

o slow micropulse extraction (hundreds of microseconds).

© not continuous beam pulse extraction (not possible treatment with
raster scanning?).

e Il high harmonlc number a “small” dedicated RF system Is needed.

o latlice constralnts: sdditional ~ 0.2/0.3 m needed for the additional
cavity in a low dispersion region.
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BETATRON ACCELERATION

DURING EXTRACTION

presented by
C. Steinbach

February 13th and 14th 1996

PS, CERN
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BETATRON ACCELERATION
DURING EXTRACTION

CH. STEINBACH

There are (at least) 2 ways to control a resonant extraction
during the "spill":
- sweep the resonance through the beam (by gradually
changing the value of Q,),

- accelerate the beam through the resonance.

The second method is better, because:
- the extracted beam central energy is fixed,
- all transverse parameters stay constant.

Acceleration can be done with:
- continuous wave RF, but Ap/p is low, synchrotron
oscillations can create problems and both high and low
frequency structures are present in the extracted beam,
- phase displacement, but the process is not continuous,
- RF noise, but a lot of power is needed for spills of the
order of a few hundreds of milliseconds,
- betatron acceleration, which works with debunched
beam and is compatible with the phase displacement
ripple reduction technique.
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Principle of betatron acceleration

A magnetic flux ® is created around the circulating beam
with one or several magnetic circuits (torus). Just like in a
transformer, a field E appears inside, along the
circumference, following the equation:

dd
_[Eds - 1)
If E is the mean electrical field over a revolution and C is the
orbit length, this writes:
d® =CEdt (2)

The increase of the particle momentum due to this electrical
field is:
dp=ZeEdt A3)
where Z e is the particle charge.
From (2) and (3), we obtain:

dp= %dq) @)

introducing the magnetic rigidity:
Bp=L 5
P=u )

and integrating along the time, we obtain the momentum
increase due to the flux variation Ad:

Ap 1

P CBp

(6)
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Sketch of installati

Accelerator rh

Magnetic torus

lication to TERA profe ‘par
If we want to accelerate by Ap/p =.3 %,
assuming C = 80 m,
Br = 6.3 Tm (for high energy lons), then:

3 Ap_ 1 1
= = AD = AD
1000 p CBp 80x6.3
AD =1.5Tm

which can be done with a section of .5 m' of cheap lron, and
a field varying from -1.5T to +1.5T.
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Proposed characteristics (after M.Thivent, CERN PS

and Heidelberg and Saclay equipments)

netic toru units):

External diameter: 1000 mm
Internal diameter: 160 mm

Length: 300 mm

Weight: 7200 Kg (rolled iron sheet)
Coil:

Section: 2.5 mm’

Number of turns: 50

Resistance: 3Q

" Inductance: 10 mH

Power supply:

Maximum current: 20 A

Maximum voltage: 60V

3
’\l e __(_'_\\I
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CONCLUSIONS

Accelerating the beam through resonance with betatron
acceleration and use of low frequency ripple reduction with
RF phase displacement seems to be the most attractive
scheme: it offers a constant mean energy, a small Ap/p of the
extracted beam and a good ripple rejection.

To accelerate by Ap/p = .3% (at 400 Mev/u for oxygen lons),
the longitudinal space required is of the order of 1.5 m, the

technology is simple and the price reasonable (as compared
with RF acceleration).

References (thanks to D, Mohl):

An Induction Accelerator for the Heldelberg Test Storage
Ring TSR, Ch. Ellert et al. MPIH-V31-1991

Le Betatron Injecteur de MIMAS, J.C. Ciret 16 mars 1998
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SPS EXPERIENCE AND

SPILL CONTROL

presented by
M. Gyr, SL

February 13th and 14th 1996

PS, CERN
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P =

Fluctuations at Resonace Stopband Limit in
Momentum- & Phase Space

tan
dQ

A B > Q
Qres

v = v, sin(wt)

v
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Low frequency spectrum of current in
F-quadrupoles E
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Spill Structure

194
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m
Spill of Shared Slow Extractioq

Splil Signal of Simultaneous Slow Extraction

Normalized ux ¢(ti/s
(-]
- -

Low Frequency Spectrum of SSE 8plil (Bode Piot) w
o e =
s
-E.— w ==E ——
| E 5
N
=
—] ==
"l 0 L] 09
Frequency (Hz) »
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TF G(s) of Extraction Process

Q) i o) N=Jo-dt

obtained from unit-step response of N(t) w.r.. AQ(t) = u(t)

Dead time Ty due to dwell time: 60 - 100 tums
Time delay T, (double pole): about 70 turns

Amplitude dependence of “Time contants” To and T,

4

38 1

dead time Ty

28
2
18
1
' time delay T, '

05

aQx 10’

[ 4 4 4 N

0 056 1 1.5 2

V. Radel: Ladynamigue de I'extraction lente du synchrotron & protons de

400 GeV du CERN en vue d" un asservicement (PhD-Thesis N° 506,

EPFL, 1983)
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Open loop Transfer Function

Open loop Polar Plot: Go(jw) .
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e i —— S —————a—
Closed loop TF: 3Q(t) — oft) | Stochastic & “combined” extraction
e Pasticle densily: \v(r.t)_.(_,:l‘;"_l
Change of density due to diffusion and drift current;
™ %wmo- grad Wi, 1)~ - W(, uﬂ
o) S W R 5 (| e W Fiskker-Flanck equaiion
= Diffusion constant D :

<

Dg =1- (E’) 2;(0.?@']2

2 .

dp |1 dB] ( 1)
-space: |—=——| D, =|—| D
180 ! PP [P Bc E P \Bc) ze
- Lo ' dQ ] _(E.Q]
|| Q-space: |— Dg=|=——| D
. 1 | d (Q Ep @\ Bep 2 y
df _dp [nr]
. Ce e o f-space: |—=n— D=|-—L| D
80 p (rr n p) f BCP B
.1 [ [T RSP R [ D e ——— .
] BT N Ripple improvement factor:
08 ] | R\ N JuD
450 e ' i i'i i Fm e
- e - - ™ vo
-540 Phase |, '
: I
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Stochastic & Combined Extraction tatractics prosece cith
“Qﬁ
; %\\‘_
A=
::ﬁ'\/\
Q
—
nea na T\
drfgmu’y —-—--"":'l"\
Q
fan i
dQ
__—/W“k‘
—A
’____——-—’—"N
e s
e N O
PR e,

Sim|.‘\'-u l-;:"\ "“-nr' Gl". W+ HI‘FJ.
d:rfuh B Qe g fd-— ,;




205

Feb. 1996

204

Feb. 1996

l.\r\\.l.\(\l\ oUDUOCSI Y e
- | = r\% Ndw

JOUDUOSIY

d

N N NS N —— NS NSNS

weaq ,,pPaYoUNGaP,, JO SINIONNS -JY

e

w
E w w v
c & E B8 r
= o 3 o c
_ : s g ¢
[ sl -

L3y T




Feb. 1996 2“('

Power Supply for “rectangular” FS-spill

EX ~ GTO >|') ()

Ds Cs .
C Rs R. M
P u DA
! F‘[] %“ [)C L
e

A
"‘ . GTO Clipper
i (1) B
i 9  Rg=0 Lk~
| ;
! |
[ '
o i
sf
: le L lb-
[ l l p
0 5 10 15 ms
[emm———— o
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Spill Signals of FS-Extraction to Neutrino
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RESONANT
-Layout of the extraction channel

EXTRACTION IN SPS .
-Types of extractions
-The shared slow extraction 2/3
-losses on the extraction channel
presented by Layout of the extraction channel
K. Cornelis, SL

February 13th and 14th 1996

PS, CERN -Electrostatic septum : Voltage cannot change during
the cycle. (100kV/cm)

-Thin magnetic septum (3mm)
-Thick magnetic septum (16mm)

-5 orbit correctors to make extraction bump -
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Types of extractions

ion 2/3

-Slow extract

-Fast slow on 1/2

-Fast fast slow

1661 eds 2 moar]
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Slow extractions :

A Q
Eow ol =)
AP

P
i.e. a strong dependence of Q on momentum

Q=26.666-€ or Q=26.500+¢

AP/P is maximised using RF gymnastics ~ 4.4 10

RE _Goymnashes
o 1y
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#

Shared slow extraction on 2/3

Simultaneous extraction in two points of the
machine.

The phase advance between the two points has to be
an exact integer.
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30..

outward-going
separatrix

slable area

X
: u 4 = o : - . 2
-30 30| 40 mm : : Y s iR e
inward - golng ’
seperatrix -0+
-20 - v: to North
0: to West
30+ va
3
-40f °

l - P e 26. 468
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Losses on the extraction channel
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The angle at the septum has to be very well adjusted

Effective septum thickness
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No. of nucleons (A) for C

12

Kinetic energy/proton (MeV) 1.245297

1.011723676 1.063047321 2.327223788
B 0.151793839 0.341460409 0.90297335¢
By 0.153573421 0.363295888 2.101421081
Momentum (GeV/c) 0.144093687 0.340870468 1.971705191
Magnetic rigidity (Tm) 0.480644803 1.137021493 6.576500581
Revolution time (s) 1.56E-06 H9358E-06| 26228E-06
Revolution frequency (MHz) l 0.6409 1.4418| 3.8127
Norrn. horiz. rms emit. (pi mm mrad 040 notknown | notknown
Norm. vert. rms emit. (pi mm mrad| 0.40 0.40| 0.40
Geom. horiz. rms emit. (pi mm mrd 260 notknown i notknown
Geom. vert. rms emit. (pi mm mrad 2.60 1.10; 0.19
Total geom. horiz. emit. (pi mm mr 13.02| not known not known
Total geom. vert. emit. (pi mm mrg 13.02 5.51 0.95
Full rel. momentum spread) 0.0020| notknown : notknown

| }

Kinetic energy/nucleon (MeV) 3 120! 425
Y 1.003222625 1.12890501! 1456538576
B 0.080088875 0.464040237| 0.72707388
By 0.080346971 0.523857348| 1.059011154
Av. mom./nucleon (GeV/c) 0.074796446 0.48766826! 0.98585250%
Magnetic rigidity (Tm) 0.498988174 3.253372435 6.5765900581
Revolution time ( s) 2.9571E-06 S51037E-06 32573E-06
Revolution frequency (MHz) 0.3382 1.9594] 3.0700
Norm. horiz. rms emit. (pi mm mrac 040! notknown ~° notknown
Norm. vert. rms emit. (pi mm mrad’ 0.40 0.4 0.4
Geom. horz. s emit. (pi mm mra 498 notknown | notknown
Geom. vert. rms emit. (pi mm mrac 4.98 0.76. 0.38
Total geom. horiz. emit. (pi mm mir 24.89| not known not known
Total geom. vert. emit. (pi mm mrc 24.89 3.82: 1.89
Full rel. momentum spread 0.0020; not known not known
Constanis
Speed of fight in vacuum 2.99792458E+08)|
Equivalent proton mass (GeV) 0.9382723
Atomic mass of H 1.0079
Elementary charge (C) 1.6022E-19 ,
No. of charges @ tor C ] 6 |
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Equiv. C mass (GeV) (approx.) | 11.1710{ !
| :

Cé+)
between protons and neutrons.

ions and will not be exploited.

-ﬂwvahuof'givan'parmmdemownhbotd. All .oﬂwerparmnétemure derived.
- The maxirmum energy Is set by the light-on requirement of 425 MeV/nucieon (30cm penetr.

- The equiv. C mass is caiculated without taking account of the electrons or differences
- The maximum energy of the protons is a consequence of the magnetic field needed for the

- The model! of a parabolic beam (uniform disiribution in phase space) is used. so that :
E (total )= 5° E (rms).

- Emittonces refer fo the injected beam from the inac. No account is vet taken of muith-tum

iniection, or of the emittance to be expected from the resonance.

- Mutti-tuming and the resonance will probabily only affect the horizontal plane. so the vertical

emittance Is carried through to higher energies.

- 1 Gray = 1 Joule per kg. which for tissue Is close to 1 Joule per lifre.

L1 1

[ T [ 11

._|

2. Lattice and Geometry I
Circumference (m) : 71.000000 -
Effective mag. Igth dipole (m) ¢ 1.850000 ;
Number of dipoles ' 16.000000 !
Bending angle in dipole (rad) : 0.392699
Sagitta (m) 0.090520 !
Edge focusing Rectangular ;
Nominal field for protons (T) 0.1020 0.2414! 1.3961!
Nominal field for ions (T 0.1059 0.6906 1.3961!
Bending radius (m) 4710986316 { :
Effective mag. igth quadrupole (T 0.35 ! -
Max. field gradient (T/m) 3.68 = :
Drift space for ES (m) 1.7 , i
Drift space for MS (m) 3.82 i i
Drift space for rf (m) 3.82 e :
Drift space for injection (m) 3.2i ;
3. iradiation data (approx. physical doses)
Max. dose rate for small volumes (<50 cm3) |40 Gy/min i
Max. dose rate for large volumes (5-2000cm3) 110Gy /min
Normal dose rate 15Gy/min

Parameter 1st extraction  Top exiraction
Protons
Energy (MeV) ! 60! 220;
Range (cm) i 3.5, 30:
No. of particie/s to deliver 40Gy/min ! 693E+10 ;,  1.89E+I0
No. of particle/s to deliver 10Gy/min 1.73E+10 i 4.73E+09 .
No. of particle/s to deliver 5Gy/min 8.67E+09 E 2.36E+09
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No. of particle/s to deliver 40Gy/min 2.89E+09 8.16E+08
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No. of particie/s to deliver S5Gy/min 3.61E+08! 1.02E+08|
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Index
Achromatic arc
Aperture considerations
Betatron acceleration, basic theory
Betatron acceleration, proposed parameters
Betatron acceleration, to “feed” resonance
Betatron oscillation
Betatron phase
Bucket parameters, variations of
Bunch rotation
Chromaticity and resonance control by sextupoles, combined scheme for
Chromaticity control by sextupoles
Coupling by sextupoles
Debunching, memory of rf structure
Diffusion equation
Diffusion theory
Diffusion, in an accelerator beam
Diffusion, thermal
Diffusion, with perturbations
Distribution of the extracted beam
Duty factor, spill uniformity
Electrostatic septum, action of
Electrostatic septum, effective thickness
Electrostatic septum, gap opened by
Electrostatic septum, position of
Emittance
Emittance (transverse) for a continuous spill
Emittance (transverse) of the spill, giobal view
Emittance (transverse) with a transport mechanism
Emittance, control of
Emittance, effect of resonance wobble
Emittance, in real and normalised coordinates
Emittance, maximum that can be extracted
Emittance, Monte Carlo simulation
Emittance, statistical
Empty-bucket, channelling or stabilisation
Equilibrium orbits for off-momentum particles
Extraction on half-integer resonance
Extraction plots
Extraction schemes in SPS
Extraction, SPS stochastic and “combined”
Feedback on spill
Fixed points
Fixed points, motion close 10
Gantry, relaxing the equal-emitiance requirement
Hamiltonian
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187-188
184-189
8

8

166
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23-24
22,115
75,116
205

131
130-142
138-142
136

137
93-94
128-129
61-62
43-44,219-220
62
103-106,115-116
74-90
77-78
76-81
80-81
85

81

10
82-84
91-96
78
144-145
39
206-207,213
122
209-221
201-204
196-200
29-30
36
86-90
28,82-83
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Hardt condition
Hardt condition, mathematical formulation
Hardt condition, reasons for
Hardt condition, role of the normalised dispersion
Homogenising the stack
Lattice, arc type
Lattice, extended-bump type
Lattice, proposed
Layout of aperture
Leaky rf buckets, due to phase modulation
Losses at the electrostatic septum
m;3 and my, effect of being non-zero
m,3 and mys, expressions for
m minimisation
Magnetic septum, position of
- Medical synchrotron, classification
Micro-bucket rf transfer system to “feed” the resonance
Micro-bucket transfer, tentative parameters
Micro-bucket, proposed equipment parameters
Momentum spread in extracted beam
Moving the stack or the resonance
Normalised coordinates
Normalised dispersion, angle of vector for Hardt condition
Particle energy during the passage of an empty rf bucket
Phase displacement acceleration
Phase displacement acceleration to *“feed” the resonance
Phase displacement acceleration, effect of rf noise
Phase displacement acceleration, particle scattering during
Phase displacement acceleration, simulation
Phase displacement acceleration, stack profiles
Phase displacement of a stack by a single rf bucket
Phase displacement, proposed equipment parameters
Phase displacement, tentative parameters
Phase space map. of particie motion
Phase-space representation of a beam
Phase-space representation of the resonance
Phase-space trajectories near a stationary rf bucket
Phase-space trajectories round an accelerating rf bucket
Resonance and chromaticity control by sextupoles, combined scheme for
Resonance cancellation and reinforcement between sextupoles
Resonance, ideal optics for
Resonant extraction, diagrams
Ripple, effect on separatrices
Ripple, in momentum and phase
Ripple, low-frequency spectra
Ripple, types and frequency ranges
Rotation of dispersion vector

38-56
47,56

45
52-53,120
5
107,123-124
107,110-119
107125-126
114-119
103

165

43-44
67-68,120
60

69-73
104,115-116
98

170-183
178-179

181

99

100

g-11
102,120,121
157-158
150-169
170-183
164

164
159-163
167-168
154

181
176-177
36,212,213
3540
41-42

156

155

23-24

22

102

4,5,99,100,101,191

221
192
193
128

89
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Rotation of normal mode rotation
Separatrices

Separatrix equation, expressed with its momentum dependence

Separatrix, action during a slow extraction
Separatrix, general equation
Separatrix, geometry for extraction

Sextupole between electrostatic and magnetic septa, effect of

Sextupole coefficient in MAD

Sextupole strength, §

Sextupole, amplitude and phase changes following a kick
Sextupole, equivalent virtual sextupole for a distribution
Sextupole, field

Sextupole, locking action

Sextupole, sign convention

Sextupole, simple theory for action of

Sextupole, stopband

Sextupole, thin-lens kick

Shadow regions

Size of the stable triangle, H and 6Q

Slow extraction with empty-bucket channelling

Slow extraction, comparison of longitudinal techniques
Slow extraction, from PS

Slow extraction, with a noisy bucket

Spill structure with phase-displacement and micro-buckets
Spill uniformity in extraction from SPS

Spill uniformity, duty factor

Spill uniformity, feedback

Spill uniformity, magnification of fluctuations by resonance
Spill, decoupling from ripple (mechanical analogy)
Spiral step and kick

Spot size at gantry nozzie

Stability of the waiting beam

Stable triangle

Stable triangle, at the sextupole

Stable triangle, emittance

Stable triangle, shift of origin

Stacking in coasting beam storage rings

Steinbach diagram

Time structure of an extracted heam

Transfer matrix for panticles with o momentum deviation
Transfer matrix in normalised coordinates

Transfer matrix, in real coordinates

Transfer from electrostatic to magnetic sepium
Transport mechanism

Uniformity of waiting stack

Vector potential in an accelerator magnet aperture

87-89
29-31
46
79
32-33
48-51.96
71
16
16

17

20-21
13
17-18

14
25-27
19

14
43-44,219-220
31,56
144-145
147
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146

180

195
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196-200
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6,27,55,56
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29-31
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3241
150-152
99
94,96
59
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64-67
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