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Accelerator Design juas

JUAS’22 - Lecture and Mini-Workshop - Bastian Haerer (KIT)

Joint Universities Accelerator School




The logical path to Accelerator Design Juas

Joint Universities Accelerator School

1.) determine particle type & energy /

2.) beam rigidity —> calculate integrated dipole field

magnet technology

dipole length & number /

size of the ring
arrangement of the dipoles in the ring
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

3.) determine the focusing structure of the basic cell
— FODO, DBA — etc. etc. /

calculate the optics parameters of the basic cell
beam dimension
vacuum chamber
magnet aperture & design /
tune
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Recap: Hadron and electron storage rings Juas

Joint Universities Accelerator School

Hadron storage rings

P 1
» Heavy particles require strong B fields gy JB d/ €, X 5

e
* Push for highest B fields up to technical limit €~ €

x ™ty
* Energy limit given by maximum acceptable circumference
Electron storage rings 4
: . P —= }/_ € — Cq QI }/

 Synchrotron light dominated y 2 g 22
* Push for small B fields thus large bending radius e ~01=1%¢

* Energy limit given by synchrotron radiation power
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Recap: e+e- colliders vs. synchrotron light sources |UQS

Joint Universities Accelerator School

Collider
» High dipole filling factor — FODO structure  p _ NiNo1f  partctes per bunch
— np number of bunches
, _ 471'6;50* f revolution frequency
» High energy — large circumference Y

— Naturally small emittance

Synchrotron light source
 Small footprint desired

 Low emittance beams for high brilliance

B() F(4) 1
— X — .
(2”)20x5x'0y 6y 66, with photon flux F(A) [1]
[F] — photons Jean-Luc Revol: ESRF - The European Synchrotron, JUAS 2020
* Achromat structures s 0.1%BW A

[1] K. Wille: The Physics of Particles accelerators - an introduction
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Today:

 RF sections
* Dispersion suppressor
 Matching sections

* |nteraction regions and mini-beta insertions

* Adrian: Detalils to groups, exercises and examination

o Start of the workshop! :-)

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

4.) Determine the radiation losses
Energy loss per turn
Power loss frequency
—> electrons radiate !!
—> protons do not !!

5.) Determine the parameters for the RF system
Frequency, overall voltage,
space needed In the lattice
for the cavities

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Energy loss and orbit offset Juas

Joint Universities Accelerator School

Cy

Energy loss per turn: Uy = o BT,
-
1 2 it
I, = 7{ L as co 0% 105 Sawtooth orbit
P " 3¢y (mc?)? GeV3

x(s) = X5+ D.o

RF RF RF RF
particle beam energy

LHC o 7 TeV ~10 keV
FCC-hh o 100 TeV ~ 5 MeV
KARA e 2.5 GeV 0.63 MeV
LEP e 100 GeV 2.85 GeV
0 100 200 300 400 500
FCC-ee e 182.5 GeV 9 GeV o |

LEP sawtooth orbit

Example hadron electron LS, HE electron
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Acceleration JUGS

Joint Universities Accelerator School

deflection/focussing

e

— — —
e Lorentz force:  F; =e(E+ 7V X B)

\

energy gain

» QOscillating E fields in RF cavities

RF Amplitude Vj

 Energy gain in cavity Is given by

‘ AU m— VRF Sln(¢RF — hfbt) " (-) 11)2 - ’:[ 3’_}/2 2IT[

h harmonic number ‘ I
fo revolution frequency
synchronous/RF phase ¢pp
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RF cavities

FERMI 3.9 GHz ~ TESLA/ILC 1.3 GHz LEP 0.352 GHz

GEECEEEEEI L

SNS 8 = 0.61,0.81, 0.805 GHz

@E R0 __B_J_hh'l
Lood il sl T b b TRISTAN 0 5 GHZ

ll[«

high power dc type operation:
sc. cavities preferred, operational frequency range: = 1 GHz

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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RF sections ey e, TR L ey JUGS

Joint Universities Accelerator School

 Reserve space for RF in straight sections

* Acceleration gradient ~20 MV/m

» Cavity consists of cells of length L., = Agp/2

» Superconducting cavities have to be installed in a et 4
cryomodule | |

7

VWaveguide duct

Machine tunnel Collider Center

Images from F. Valchkova, O. Brunner

FCC-ee 400 MHz Cavity Cryomodule: L =12 m
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One word about RF Cavities Juas

Joint Universities Accelerator School

RF Cavities must be installed in ...

Marker: 14.36625 MHz
12.372 dBm
-5.47008 s

5175
frame
110.5

dBm

- - =-=-> Dispersion free sections <----

of the storage ring.

... In order to suppress coupling between the longitudinal
motion (energy gain) and the transverse motion via dispersion.

) . /. /' ) .
c o A 7'\
) . '/. . /. ] .
. . ‘/. | /. . . \
. /7 W% .
-/ 7 /7 & Qs-Seitenbaender
10.5

dBm

A

2
Time [min]

T -{ A Center: 14:“&2’:‘ ViHz . Span: 500 kHz
d KU 350 |
|t £l Q./0
A = 300 0./0Q,-2) > « 0/0+0)
F177 i
Vi cg 250} 0,/(Q,-20) 0./(Q +20)
IZa=s 3 200 v v
1=k 2
=t 75)
S .g i § 15010 /g, - 305 0./, +309
B M Qx+nQy+/ Qs =integer %, | L
* - 5 sok
—% >
! , | | |
T ¥ 0 0.5 1 15

0 0.5 1 1.5
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

4.) Determine the radiation losses
Energy loss per turn /
Power loss frequency
—> electrons radiate !!

—> protons do not !!

5.) Determine the parameters for the RF system
Frequency, overall voltage,

space needed In the lattice /
for the cavities

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

6.) Open the lattice structure to install
straight sections for the RF system
optimise the phase advance per cell
connect the straight sections to the arc lattice with
dispersion suppressors
choose which type fits best

add eventually a matching section

Guideline:

Reserve ~20 % of circumference for RF, sections,
Injection&extraction, experiments, etc.
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Dispersion function

Momentum spread of the beam adds a term on the r.h.s. of the equation of motion.
—> inhomogeneous differential equation.

x"+ x( 12 k)—Ap :
P Dy P

—> additional term in the solution for the particle’s amplitude

x(s) = xg(s) + x,(s)=D(s) a
P

Normalise with respect to Ap/p:

Dispersion function D(s) ...
... IS that special orbit, an ideal particle would have for Ap/p = 1

The orbit of any particle is the sum of the well known xz and the dispersion

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Dispersion orbit with homogeneous dipole field |UdJS

Joint Universities Accelerator School

Example HERA
Closed orbit for Ap/p > 0
xXg =1...2mm
L D(s)=1...2m
A

- x,(s) = D(s) = Az/ 110"

P p

contribution due to Dispersion = beam size

—> Dispersion must vanish at the collision point

a=\/€ﬁ+D252

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Dispersion suppressor - idea

D(s) is created by the dipole magnets
.. and afterwards focused by the quadrupole fields

Think right —> left :
by clever arrangement of dipole fields & quadrupole strengths we can make D(s) vanish.

Bastian Haerer (KIT)

DISPERSION x/2
2 1 0 -Y-2

pre= , Protonan Lumincartasts Ogkik oz

ttttttttttttttttttttttttttttttttttttt

f{f \\/\‘\/ ﬁ\?\ﬁ 4 # A \/\

2 SR 2 2 | B s | B PP | 2 2 P
1o 200 SOz SO 00
>

Mini1 Beta Section,
— >no dipoles !!!

JUAS’23 - Accelerator Design
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Uas
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Quadrupole-based dispersion suppressor Juas

Joint Universities Accelerator School

The straight forward one: use additional quadrupole lenses to
match the optical parameters ... including the D(s), D '(s) terms

Quadrupoles have an influence on
the optics (5 function)

the phase advance
but also ... the orbit.

° ° ° ° ° 5 'lg A 15 T 2
And dispersion is “just another orbit”. e e e e el e el =l e W e =l s
p [ R R TR

l o P—_—:—tr—r—t —  t_—t —_— f’--*-f-*--'t-ﬁ—-{*—*—i—-—-—r—---f—---f---*:

Correct the dispersion D and D’ to zero by 2 quadrupole lenses,

Restore (match back)  and a to the values of the periodic solution
by 4 additional quadrupoles

FoDo cell: regular structure in the arc

D(s), D'(s)
B.(s)o.(s)
B,(s)o,(s)

6 additional independent
quadrupole lenses required

|
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Quadrupole-based dispersion suppressor Juas

Joint Universities Accelerator School

°
Tesi—-FO00 Ring fur Zeuthen iyp_zewlhen, zeulhencell, ki=—0,541 /rmve2 Advantageo
—————————— ——————————— — . . —T . " — T . . — — . .

! easy

! flexible: it works for any phase
advance per cell

! ; : ! does not change the geometry
S ——=> (M) °
1 ] ] ] ] ] 1 ] ] ] ] ] ] ] [ Of the Storag € rlng
D W Y
T — e — — ! can be used to match between different lattice
B A OGS A WSS SRS ORRLE. mprty- 2K structures (i.e. phase advances)
v . : y
o - T = ST s e Disadvantage:
. ) ; e <3 , °o o °
periodic Babp matching section dispersion free ! additional power supplies ngeded
o including 6 additional section, regular (— expensive)
quadrupoles FoDo without dipoles ! requires stronger quadrupoles

! due to higher f values: more aperture
required

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 99



juas

Joint Universities Accelerator School

Dipole-based schemes

Dipole based schemes: the clever way

periodic dispersion in the arc
(FoDo in thin lens approx)

2 (1 2 singu) i
D — : . D, — O & _l
p  4sin?(u/2)

QFHCI
[\

Think right —> left :
arrange a number of dipoles to build up — from zero —
dispersion that fits to the periodic solution

: C()d5 - C(s)* f 1 S(5)ds

p(s) P(s)

D(s)=S(s)* [
Arrange the dipole fields (1/p) in a way to create at the beginning of the regular arc cells D and D’=0.

... how this is done in detail —> see appendix

100
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Half-bend dispersion suppressor Juas

Joint Universities Accelerator School

condition for vanishing dispersion:

. . 2 sk 6 n(I)
so if we require D =0, supr n /o ar ... proof ... is easy but lengthy
—> appendix
with Osupp = dipole strength in the suppressor region
with Oue = dipole strength in the arc structure
with ®. = phase advance per cell
1 , NP,
and we can set O, = 5 *0, . —> we get > =]
and equivalent for D’=0 —>weget S(ndP, )=0

For a given phase advance per cell we just have to add up the number of cells to get
theses conditions fulfilled.

Which means ... n® =k*m, k=13,..

In the n suppressor cells the phase advance has to accumulate to a odd multiple of n

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 101



Half-bend dispersion suppressor - li

nd
2

sin(n® ) =0

sin” ( ) =1

—> nd, =k*n, k=13,..

1Uas

I @ © ©
ersities Accelerator School

B = 90°
TN N
n o= ™ h
// / /| ><\\ \\\ // / /// ><\\ N
/ A\ / AN
Z//_ "% \ .
S iﬂ - \\ //-0-5 \\
\_/ L/
&b

Tesl—-FODO Ring fur Zeuihen lyp_zeuvthen, zeufhlneel‘). kf==0 541 fmved I
-
§ I \
S @) =
ey @C’ — 60 3 -
arc | SUppr. |
n — :
a . . | . . 1
0 5 10 15 20 S 30 35 4
S === M
0 ] ] ] [ ] ] ] ] ] m ] ] ] ] ] [ I
| LJ LJ Ll LJ LJ L] L LJ LJ = L LJ L
T P B P B Pg @y ®Gg O OO0 @y P 5 85 855 B E 8B B8 B gL
0 -
o —-—+—-—o-—-t--+—-1———r-~r—-—1———r-—-|-—-—v—-—t-~r—-a—-—|-r-ﬂ--l--t-<1-—-f-—+-ﬁ--t-i--«f-—-*;--r-—f--i-—o---f»-c-—'—-—f-

R,

1 1 1 1 1
0 5 10 145 20 ) 30

Bastian Haerer (KIT)
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strength of suppressor dipoles
half as strong as that of arc
dipoles

Example:

phase advance in the arc

D= 90°

number of suppressor cells n = 2

phase advance in the arc
D= 60°
number of suppressor cells n = 3
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Missing-bend dispersion suppressor Juas

Joint Universities Accelerator School

conditions for the (missing) dipole fields:

sinnq)c=l,k=0,2 or
2m2+nq)c =(2k+1)% né 21
sin—-=—_ k=13 .
2
m = number of cells without dipoles
followed by
n regular arc cells. Empty cell suppressor in HERA

Example:

phase advance in the arc ®-= 60°

number of suppr. cells m =1
number of regular cells n =1

1 1 1 1 1 .
O S 10 15 20 .I‘,’ °
S ——=% (M) ° o®
[ ]
0 1 . ] ] m 1 . o’
I O ) O 1] | -

O ] 10 15 20 2% 30 a0 £
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Bastian Haerer (KIT)

Dispersion suppressors

Suppressor N cells

Normal arc

*» Missing-magnet suppressors for FODO arcs

Gap
(N-1) cells i cells

(Fquad. + Dipole + Dquad. + Dipole):

N | Gap i Au End arc
dipole 8
2 1 1 60° L/p
3] 1 2 45° (LIp)N2
4 2 2 30° (L/p)/2
<+ Half-field suppressors for FODO arcs
(N =1, no gap)
N=i | Gap Au End arc
dipole 8
2 0 90° (L/p)/2
60° (L/p)/2
45° (L/p)/2

Half-field is useful in electron machines as it reduces the
synchrotron radiation into the experimental region.

JUAS17_02- P.J. Bryant - Lecture 2

Lattice Design |

- Slide18

(Phil Bryant)

Juas

Joint Universities Accelerator School

Comments:

* Dipole-based dispersion
suppressors affect the geometry of
the ring

e ... but not the optics!

 |f the footprint of a new accelerator
Is pre-defined (e. g. existing
tunnel,...), this concept cannot be
fully exploited.

— Dispersion suppressor has to
be supported by quadrupoles.

JUAS’23 - Accelerator Design
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The logical path to Accelerator Design juas

Joint Universities Accelerator School

6.) Open the lattice structure to install
straight sections for the RF system
optimise the phase advance per cell
connect the straight sections to the arc lattice with
dispersion suppressors
choose which type fits best /
add eventually a matching section

RF RF

mxmmxm

OMIONOMION
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Juas |

Joint Universities Accelerator School

General Remark:

Whenever we combine two different Iattice structures we need a

‘matching section”

in between to adapt the optics functions between the two lattices.
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Example: Change of phase advance per cell Juas

Joint Universities Accelerator School

54 m arc cell = 50 m straight cell

o u=90°
R e e S S E » switch to g = 60°
IIIIIIIHHH"H"HI |||||||I

150 T T =
]:]:

IR

Ly L
100 \r " | } . . ) 1 k| N | I I
T O - S S N N B | - 150
| ) 1 I Iy P ! 1\ ," "l "‘ '|| 1 :i "l I "

55[:7 By/m

I I 1
'L.' 1 ‘\ 1 “ SRR B FLRLN B VR B P : 1 ,' 1 ,' !
. : . '. -. v [] |' " .
5 O A "‘ A ", A . N . , I
) 1 .
! .

CON W T W

1 I n
I 1 1

] (A

Be, By / m

OO 100 200 300 400 500 600 700 800 SOINAL AL N

() | | |
half-bend DS matching section 0 100 200 300

(4 quadrupoles) (5 quadrupoles)

half-bend DS needs to be
supported by quadrupoles
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Example: FCC-ee top-up booster synchrotron _]UGS
o e e e

n :
o

m 1
i I !

Matching section
4 quadrupoles

Matching section

6 quadrupoles Leel = 75 M
16 km arc FCC-hh dispersion Dispersion suppressor Straight section
Lcen = 94 m suppressor section 8 quadrupoles for RF installation
I’hO — 1315 km Lcell — 566 M Lcell = 566 M LCeII — 100 M
rho = 15.06 km rho = 15.06 km (no contribution to €X)
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The logical path to Accelerator Design juas

Joint Universities Accelerator School

6.) Open the lattice structure to install
straight sections for the RF system
optimise the phase advance per cell
connect the straight sections to the arc lattice with
dispersion suppressors /
choose which type fits best
add eventually a matching section /

RF RF

mxmmxm

OMIONOMION
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

7.) Open the lattice structure to install
a dispersion free straight section for the mini
beta insertion
define independent quadrupoles (four if Dx=0)

connect the straight sections to the arc
lattice with mini-beta quadrupoles and
matching quadrupoles

match to the desired *

mini f3

mini 3

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 111



Juas |

Joint Universities Accelerator School

Prepare for beam collisions

... there is just a little problem

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 112



Problem: Our particles are VERY small! Juas

Joint Universities Accelerator School

Overall cross section of the Higgs:

| I I ! | | ! ! |

'E i DDWHWNLO Ns=7TeV 7 g

:105_ N’V“oc _5§ Z ~ 1 b

<X E “og,, i ~react ~ 1P

T L 13 >

ik __ _

% 1D Ny Pp 99H (NN Qe _E

v F ~ : 24 0 g
. - Ib=10"""cm >

10" E
T 1pb=10""2.10"*cm?

107 1 1 1 1 1 1 2
- | . | | . T 1 pb — —_— : . : . : . mimnm
100 200 300 400 500, o 1900 mio mio mio mio mio 10000

The only chance we have:
compress the transverse LHC typical:

beam size ... at the |IP c=0.1mm > 16um
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Luminosity JUQS

p2-Bunch

000
Joint Universities Accelerator School

Event Rate: “Physics“ per Second

10 11 particles

R = Zreact - L p1-Bunch
T O
: : 10 11 particles
Example: Luminosity run at LHC
B.,=0.55m f, =11.245 kHz
e, =5%107" rad m n, = 2303
O,,=17um 7 | . Ipllp2
2
4re” fon, O O,
I, =534mA

L=1.0%10 %mzs
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Layout of the HERA mini-beta insertion

Bastian Haerer (KIT)

40

20

matching
section

!

matching
section

FODO

200 400 600 800 1000 1200

JUAS’23 - Accelerator Design

juas

Joint Universities Accelerator School
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Mini-beta insertion: phase space Juas

Joint Universities Accelerator School

Symmetry point of a drift space: a* =0

e = y()x7(s) + 2a(s)x(s)x'(s) + f(s)x *(s)

Greetings from Liouville:
the smaller the beam size
the larger the beam divergence

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 117



Beam collisions: mini-beta insertion Juas

Joint Universities Accelerator School

A mini-beta-insertion is basically just a long
drift space, embedded in the storage ring lattice.

2
N . o for th B My —2mymy; mi, f
ransiormation ruie 1or the o | = | "My Myl + MMy —Mphp | = a
optics parameters: y , ) y
52 mi —2myymy, my ) s1
\)
with the matrix elements My, M,
given by the product-matrix =~ My, = ... Mop - Mp, - Mg - Mp,;, - Mop = <m21 m22>
of the lattice elements
. . myyp My 1
transfer matrix for a drift: My = <m21 m22> = (O i)
2
pls) =pPy—2ag-5s+7"s
transferring from 0 — s als) =ay—7y S

y($) = ¥
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Betafunction in mini-beta insertion Juas

Joint Universities Accelerator School

Let's assume we are at a symmetry point in the center of a drift.

l+a,” 1
ﬁ(S)=I30_2aoS+YOSz ..as 0,=0, — vy, = 0 _
Bo  Bo
we get for the [3 function in the neighbourhood of the symmetry point
30 | -
S2
B(s) =By + o 1!
=
Nota bene: . E 20 :
1.) this is very bad !!! o
2.) this is a direct consequence of the 10! :

conservation of phase space density
(... iIn our words: € = const) ... and

there is no way out. 0L » » » » » . -
3.) Thank you, Mr. Liouville !!!

In any case:
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Juas |

Joint Universities Accelerator School

Example: Luminosity optics at LHC: " = 55 cm
for smallest 3,,.x we have to limit the overall length

and keep the distance “s” as small as possible.

... Clearly there is a problem !!!
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© CERN

... unfortunately ... in general
high energy detectors that are

Installed in that drift spaces
are a little bit bigger than a few centimeters ...

"

3.

-

 1 The first quadrupole magnets after the IP

need the largest aperture in the ring.




Mini-beta insertions: phase advance

By definition the phase advance is given by:

Now In a mini-beta insertion:

90
O (s) 70
50
30
10
“10
“30
“50
=70
“90

50 40 ~30 ~20 ~10

Bastian Haerer (KIT)

— u(s) = —

Juas |

Joint Universities Accelerator School

1
——ds

uls) = J A(s)

1
1 + s2/B3

|
ds = arctan —

o

.

Po

----------

»’
o=
-’

Consider the drift spaces on both

sides of the IP:

the phase advance of a mini 8 insertion is

approximately m,

In other words: the tune will increase

----------

L d
,,,,

by half an integer.

L TTITTTTITT L I

40 50

>

0 10 20 30

<

L/B
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Mini-beta insertion: Guidelines Juas

Joint Universities Accelerator School

* calculate the periodic solution in the arc

* introduce the drift space needed for the insertion device (detector ...)

* i 2 i i
put a quadrupole doublet (triplet ?) as close as possible Parameters to be optimised &

* introduce additional quadrupole lenses to match the beam parameters matched to the periodic solution:
to the values at the beginning of the arc structure

OLx’ ﬁx Dx’ Dx’
OL)/’ ﬁy Qx’ Q)’

8 individually powered
quadrupole magnets are
needed to match the
iInsertion ( ... at least)
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B (m), By (m)

The LHC mini-beta insertions

mini-beta optics

5000.

LHC Error Analysis _ MAD-X 3.00.03 03/12/08 10.35.00

4500. -
4000. -
3500. -
3000. -
2500. -
2000. -
1500. -
1000. -
500. -

—

" |

0.0 +~=
12.850
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One word about mini-beta insertions:

Mini-beta insertions must be installed Iin

...|straight sections| (no dipoles that drive dispersion)
... that are

... that are connected to the arc lattice by

dispersion suppressors

If not, the dispersion dilutes the particle density and increases
the effective transverse beam size.
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One word about limitations:

It looks like we can get infinite luminosities by

..|creating smallest 3*|at the IP

... and accumulating|infinite bunch intensities

However, that is not how life is.
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Luminosity limit due to Beam-Beam Effect JUQS

the colliding bunches influence each other (space charge)

= change the focusing properties of the ring !
for LHC a strong non-linear defocussing effect

Gaussian

Quadrupole Uniform
(Hor. Foc.)
4
Proton N;‘-:ﬁ% S
@ i S
Beam ]
S é"f N
FX,
- X
Focusing Defocusing
Linear Linear

court. K. Schindl

Bastian Haerer (KIT)

Defocusing
Non-Linear

JUAS’23 - Accelerator Design

000
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most simple case:
linear beam-beam tune-shift

— puts a limit to N,

AQ . Ve 'B;k Ne
- 2ry, o, (0,+0,)

Particles are pushed onto resonances
and are lost.

127



Beam-beam parameter

 For small amplitudes the tune shift is

equal to the linear beam-beam
parameter:

Nr.p

 2nyci¥(o, + 0,)

u

* |t is often used to quantify the
strength of the beam-beam
interaction.

e However, It does not reflect its non-
linear nature.

Important:

Bastian Haerer (KIT)
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Beam-beam: Tune footprint and Luminosity

N 0.311
e Beam-beam parameter: &, x— ol N x
€u Qy 68
0.309| %%
2
0.308
* What are the implications for the luminosity? 0.307
0.306/ 00
— 0.305 1 1 A n
47;62]‘0;1[9 g;k : g;k 0.275 0.276 0.277 0.278 0.279 0.28  0.281
Qx
with [ = n;, N, e f, and assuming equal beam sizes L7ELL T
L6ELL o w3 . 4w < ege
z 1.5E11 R e C s
NlNznbf . § 1.4E11 N i
=> & = PP = Number of particles E s
TOT O e 2
Xy per bunch is limited!!! g Lt
S 1.1E11
T
O(N) = 10!
0 a0 ll']l] 1%0 2['10 2%0 3['10 3%0 4['10
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The logical path to Accelerator Design Juas
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7.) Open the lattice structure to install
a dispersion free straight section for the mini
beta insertion
define independent quadrupoles (four if Dx=0)

connect the straight sections to the arc
lattice with mini-beta quadrupoles and

matching quadrupoles
match to the desired g* /

mini f3

mini 3
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... and then you just turn the key
and run the machine.
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Appendix: Dispersion Suppressors

... the calculation of the half bend scheme 1n full detail (for purists only)

1.) the lattice 1s split into 3 parts: (Gallia divisa est in partes tres)

* periodic solution of the arc periodic 3, periodic dispersion D
* section of the dispersion suppressor  periodic 3, dispersion vanishes
* FoDo cells without dispersion periodic B, D=D"=0

20
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2.) calculate the dispersion D 1n the periodic part of the lattice

transfer matrix of a periodic cell:

/ \/F;—T(cosq) +0L,sIng) BB, sSind

e (o, —ag)cosp — (I +o,04)sin¢ B :
/—(coscl) — QL SIng)
\ \ 65[30 60 )

for the transformation from one symmetriy point to the next (i.e. one cell) we have:
@ = phase advance of the cell, a = 0 at a symmetry point. The index “c” refers to the periodic

solution of one cell.

<

[ cos®. PB.sin®d. D))

O, U5 N 1

M =P G S L L A= I;—sinCI)C cos®,. D'(J)
B8R TY %

\ 0 0 L

The matrix elements D and D° are given by the C and S elements 1n the usual way:

D(”=5(1)*f l.\. C(s5)ds —C(l)”‘f l S(5)ds
0 /)(\) 0 [)(S‘)

D'()=S'(O)* [ =
NS
B. J. Holzer, CERN JUAS 12021, Acc Design

| C(5)d5 -C'(z)*f 'N S(3)d5
0 /)(Q)
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here the values C(/) and S(/) refer to the symmetry point of the cell (middle of the quadrupole) and the
integral 1s to be taken over the dipole magnet where p # 0. For p = const the integral over C(s) and S(s) 1s
approximated by the values in the middle of the dipole magnet.

Transformation of C(s) from the symmetry point to the center of the dipole:

N ATy L 3 - Pe
Cm—\/;cosACD \/;cos( 3 =@, ) S =P, P sin( : =@ )

where 3¢ 1s the periodic B function at the beginning and end of the cell, 3, 1ts value at the middle of
the dipole and ¢, the phase advance from the quadrupole lens to the dipole center.

Now we can solve the intergal for D and D’:

D(/)=S(/)*f l\ (_‘(.:a)d.:-'_(.’(/)*f '~ S(3)d5
o P(5) 5 P(S)

. () . D

D(l) =B, sin® *E* & *COS(—CiCpm) —Ccos®P *E\/Bmﬁc *sm(—cicpm)
P \/ Pe 2 P 2
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D) =8./B,B -

D) =8 ./B,Be -

D(l) =20 \/Bmﬁc *cosqQ, -

Lo s g 2D ]
—cos D sm(TC +@, )+ sm(TC -, )
I have put 0 = L/p for the strength of the dipole
remember the relations cos x + cos y = 2 cos - ; Y % cos ; Y
sinx+siny=2sinx+y*cosx_y
2 5
7 - DA P u i
sin P . 20037 cos®p, —cosD . 251117 Cos®,, ¢
£ : @ : @ N
sin® . *cos—=*—-cos P, *sin—=1
2 g
remember: sin2x = 2sin x *cos x
COS 2% = COS. X —Sin‘.x
et D () D v .
D(l)=26\/|3ml3c"‘coscpnﬁ251n7c”‘c:os2 ZC (cos’ ZC s1n27c)*sm

B. J. Holzer, CERN

S1n (IDC
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\ o & -
COS(TC +@, )+ COS(TC —-,,)

D

2

j

S
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D(l) =20 \/ﬁmﬁc *cos, >X<Sin&< 2 cos” So cos” pRC + sin” Tlo
2 2 2 22
. D,
D(l) =20 \/Bmﬁc *cosp,, >"smT
in full analogy one derives the expression for D*:
4 3k 3k (I)c
D'(l)=20 \/Bm /P, *cosp, *cos 5

As we refer the expression for D and D to a periodic struture, namly a FoDo cell we require
periodicity conditons:

(D, (D,

De | =M *| Dc

G N
and by symmetry: D'.=0

With these boundary conditions the Dispersion in the FoDo is determined:

. D
D.*cos®d,. +6\/|3ch *cosg,, *251n7c =D,
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()

D. =8B, B *cosp, /sinTC

This 1s the value of the periodic dispersion 1n the cell evaluated at the position of the dipole magnets.

(A1)

3.) Calculate the dispersion in the suppressor part:

We will now move to the second part of the dispersion suppressor: The section where ... starting
from D=D*=0 the dispesion 1s generated ... or turning it around where the Dispersion of the arc 1s

reduced to zero.
The goal will be to generate the dispersion 1n this section in a way that the values of the periodic cell

that have been calculated above are obtained.

dipole magnet dipole magnet
_gﬂm
@ rnrrae e > < gﬂm >
< >
D./2

The relation for D, generated 1n a cell still holds 1n the same way:

e S([)*f/)(s“)

1 -C(85)ds —C([)*f | S(s)ds

0 ‘)(E)

B. J. Holzer, CERN JUAS 2021, Acc Design 140



as the dispersion i1s generated in a number of 7 cells the matrix for these # cells 1s

[ cosn®,. B.sinn®. D,
M =M_ = _—lsinn(DC cosn®. D'
Be

L 1 /
D, =B, smn®.*o, . * Zcos(id)c——ib @, )* .,
1= 2 BC
1

—cosnd . *Bsupr *E\/BMBC *sin(idP . —ECDC =
=

: < () i ()
Bmﬁc *sin nq)C *6supr ¢ E COS((Zi % I)TC i(pm) Y ﬁmBC >x<6supr *cos nq)CE Sln((zi ) I)TC i(pm)
i=1 i=1

X + X — X + X —
Y % cos 22 COS X + COS y = 2CO0S Y %cos 22

remember.  sinx +sin y = 2sin
2 2 2 2

D, =%, * /B, Be *sinnd, *Ecos((Zz 1) C)*Zcoscp

=1

n : . @
O \/[3 B. *cosn®d E sin((2i —1)—=)*2cosp,,
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D

n

D

n

D

n

Zésupr >X<\/ﬁm [SC *COS(pm i

26supr >k\/ﬁmﬁC *Coscpm 3

ige

Zésupr 4 \ BmBC *COS(Pm {

sin

3

i=1

sin nd. .

() :
cos((2i -1) TC) *sinnd . -

. nd nd ) . nd Cond .
sin s C st s ST AC A, g s G
2 L —cosnd . *. 2 2 ¢
) & ()
~ C S @
sin —¢& sin —&
0 0
\ . nd nd ., nd
smncbc*smTC*cos ¢ —cosn®, . *sin” 2‘}

set for more convenience X = n®/2

B. J. Holzer, CERN

D

n

D

n

268upr s \/ﬁm BC S COSCpm

sin e
2

265upr 5 \ ﬁmﬁC *COSCpm

. D
sin —&

>

i=1

. o :
sin((2i —1) TC) *cosnd,.

.

%in 2x *sin x * cos x — cos 2x *sin* x}

o . 2 o 2 .
sin x cos x *cos x sin x — (cos” x —sin” x)sin” x}

JUAS 2021, Acc Design
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(A2) % 268upr *\/BmBC *cosq, * gin? nd,.
4 . D, 9)
Sl —ts
2

and 1n similar calculations:

2O MPTk *CcoS
D' =—=F \/ﬁmﬁC ch*sinnCI)C
. D,
Ssih —&
2

This expression gives the dispersion generated in a certain number of 7 cells as a function of the dipole

kick o 1n these cells.
At the end of the dispersion generating section the value obtained for D(s) and D*(s) has to be equal

to the value of the periodic solution:

—>equating (A1) and (A2) gives the conditions for the matching of the periodic dispersion in the arc
to the values D = D‘= 0 afte the suppressor.

XK XK
. D, P . D,
SIn —— sin —C
) 2
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@ 9
n C) =6Cll"C 1
2

— sin(nd,.) =0

— 28 sin’(

supr

and at the same time the phase advance 1n the arc cell has to obey the relation:

nd, =k*n, k=13, ..
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