LECTURE 7

L attice design: insertions and matching
Linear deviations from an ideal lattice:
Dipole errors and closed orbit deformations
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L attice design: insertions and matching

The “backbone” of an accelerator lattice isthe FODO cell. A
machine composed entirely of identical FODO cells has very
regular lattice functions: (thisis 100 m of our 500 m accelerator)
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However, such amachine islacking long straight sections for
injection and extraction. The dispersion is non-zero everywhere,
which is unfavorable for the location of RF cavities. Thereisno

low-[3 for colliding beam luminosity enhancement. There is no

room for wigglers or undulators, or for beam collimation systems.

To alow for such devices, we create insertions in the otherwise
regular FODO lattice. An insertion is a break in the FODO lattice
into which a different configuration of magnetsis placed, to allow

for some of the functions mentioned above.
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Ideally, we would like to leave unchanged the lattice functionsin
the part of the machine outside the insertion. In order to do this, the
optics of the insertion must be designed such that the one turn
matrix of the machine, with the insertion included, gives the same
lattice functions at the match points as the original unperturbed
lattice.
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Failure to do thisistermed a“ mismatch” and the resulting
perturbations to the lattice functions are sometimes called “ beta

beats’.

This produces major perturbations to the lattice functions (beta
more than doubles) and is highly undesirable. The insertion needs
to be matched. We'll discuss several simple types of matched

Example: increase the drift space in the FODO cell at =60 m from insertions.
S5mto7.5m:

¥ 3 1. Collinsinsertion
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2 s A simple scheme involving two quadrupoles can be used in a

15 . straight section to provide beta function matching. The Collins

10 insertion does not provide dispersion matching, but the

5 o combination of a dispersion suppressor and a Collinsinsertion

T I T 2 @ s 8 1 resultsin a zero-dispersion straight section in which all the lattice
s 0 functions are matched.
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Collinsinsertion: s 1 0 S 1 0 s
mesnh S T b o
fof f f F F -f fo-f f 1 1 = 1
A A A s, S A A A In order to match the lattice functions, we require that
2
[rosu; +asiny, Bsiny O
Mis s P =g C _
—ysin cosy —asiny,
L Insertion inwhich a, 3, and y are the regular FODO cell lattice functions at
Straight section the match point, and , is the phase advance across the insertion (a
free parameter)
The transfer matrix of theinsertion is )
Theresultis
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Typically, to maximize the length of the straight section s,, we
choose i, = /2 so that Sl:; S, =0;/, S, +§ =p. For this

insertion to match in both x and y, we need to have a, = -a,, which
will be the case for athin-lens FODO cell.

The insertion raises the tune of the machine by 1/4.
This insertion matches the beta function but does nothing for the
dispersion mismatch:
17.8 mlong Collinsinsertion, starting at s=60
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To fix the dispersion mismatch, we need another type of insertion:

2. Dispersion suppressor
Thisinsertion is used to create a zero-dispersion straight section.

There are many possible variants: we will only discuss the smple
“missing-magnet” scheme.

11/26/01 USPAS Lecture 7 11

“Missing magnet” dispersion suppressor
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‘ Insertion
The insertion starts with two regular-strength FODO cells, in
which the dipoles are operated at different bend angles, @, and @,,
than the dipoles in the rest of the lattice (which have a bend angle
@). These cells are followed by a straight section, in which the
dispersion will be zero. The insertion is symmetric about the center

of the straight section.
11/26/01 USPAS Lecture 7 12




The bend angles ¢ and ¢, are chosen to make the dispersion
function and its slope zero at the beginning of the straight section.

Let . and n¢ be the values of the dispersion and its slope at the

beginning of the insertion. These are just the regular FODO cell
values.

The dispersion propagates through the two FODO cells according
tno e

to Lh'U=M (@, M (q, IJ)D%:D
1 HiH

where the FODO cell matrices depend on the cell phase advance

u and on the dipole bend angles ¢ and ¢,
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To get zero dispersion in the straight section, we solve the equation
no Mo e

ChrO= o= Mc(@, M (4, I'I)D7£:D

i HA H1

for the dipole bend angles and find the ssimple results
0 0

%:w@—l 0 %:7¢
L 2[M . 2]
49n DZ% 49n DED

For 1= 60°, the bends need to have reduced strength relative to
the normal FODO cells; the strength depends on the cell phase
advance.
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For u =60° @ =0and ¢ =@ Inthiscase, wejust leave out two

magnets in the first FODO cell of the insertion, and run the next
cell asnormal. Thisisthe origin of the term “missing magnet”.
Even for general phase advance, this scheme is easy to implement
and widely used.

This guarantees that the dispersion is both zero in the straight
section, and unperturbed in the rest of the lattice. In combination
with the Collins insertion, we get along straight section into which
we can put devices to perform some of the utility functions
mentioned above.
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17.8 mlong Collinsinsertion, starting at =60 m, with two-cell
dispersion suppressor on each side
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Many other, more complex types of insertions are possible. Among
these are the so-called tand 2minsertions.

The tinsertion has a transfer matrix equal to the negative of the

unit matrix, and hence automatically provides lattice function
matching. The insertion phase advance is 1t Such an insertion does

not match the dispersion.
A 21tinsertion has a 3x3 unit matrix and matches all the lattice

functions.

A particularly important type of insertion for colliding beam
machinesisthe low- insertion
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Two symmetric insertions are used, to match from the FODO
lattice to the collision point. Dispersion suppression is also
required.
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The box labeled “low-B” will contain at least a quadrupole doublet,
together with a straight section of length L, on each side of the
collision point, to provide space for experiments. In this drift space
the beta function varies like

* U [l S E% U
B(s)=B d+C =00
5 Hg
The phase advance across the straight section is
d -1 ELO
AD = =2tan M
I 0 Os DZD %

_Lozl EB*HD

whichiscloseto m, for L,>>f".
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The phase advance across the straight section dominates that of the
insertion. Thus, the machine tune increases by about 0.5 when a

low-[3 insertion is added.

The rapid increase of the 3-function in the straight section leads
inevitably to alarge value, 3, Of the 3 function somewherein the

insertion, before the lattice function can be matched to the FODO
lattice. Typically, B, in the low-f3 insertion is the maximum value

of B in the machine. Since, aswe'll see, errors tend to have effects
proportional to ./ or B at their location, the low- insertion is
usually the most sensitive region of the machine.
A rough “rule of thumb”: 8° Brax U L%
Example: LHC low-Binsertion, 8 =0.5m
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Linear deviations from an ideal lattice:
Dipole errors and closed orbit deformations

We now begin to examine the results of field errors: the
differences between the real fields in a machine, and the idealized
fields on which the lattice design is based.

We'll start with the simplest kind of field errors: those due to

dipolefields.
Dipolefield errors can come from avariety of sources. Some
of them are:
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* Dipole fields due to quadrupoles not being aligned on the
reference orbit (thisis usually the biggest source of error)
« Differences between the idealized dipole field and the true dipole
field, due to fabrication errors in the magnets, and/or due to
remnant field effects
» Horizontal dipole fields (causing vertical orbit errors) due to
rotated dipole magnets
* Dipolefield errors due to misalignments of combined function
magnets
 Stray fields on the reference orbit from other accelerator
components

From Lecture 3, p 7: The trgjectory equations, to lowest order in
dipolefield errors, are
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Both of the form
AB(S)
Bopo
We will treat dipole errorsin the “kick approximation”:
Write the above equation as

2" +Kz=

AB(s)As _ A(BL)
Boo Bop
in which the field error is taken to be highly localized over alength
L. Then, as As->0 with A(BL) finite, we have

AZ' + KzAs =

11/26/01 USPAS Lecture 7 24




A(BL)

Boo
Thefield error, in this approximation, just causes a change in the
slope of the trgjectory, by the angle 6, at the location of the error.

NZ =0=

The trgjectory of a particle, which would otherwise be on the
reference orbit but for the field error, must be a closed curve, just
like the reference orbit, since the kick is periodic with period C.
How do we find the equation of this curve, relative to the reference
orbit?

Let thefield error be located at s=s,
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Z'(s) \/9'

>

Field error ABL

z(sy)

The one-turn transfer matrix M (C + s, 5,) takes usfrom s, where
the kick 0 occurs, around one circumference. Hence we have

2(s) g_gAC+s)n_p(sdo
M(C+ SkSk)Ez(sk)wE H(C+s)H TF(s)0
where the last follows from the fact that the trgjectory is closed.
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In terms of the lattice functions, we have

2(s) O

(50

[P0s27Q + a(s)sin270Q As)sn2@ M As) [0
-y(s)sin2mQ CoS2 1Q — dS)Sin2 ;@%’(q() +0H

Solving this giveﬁ
2(s) = B(S‘k)ecotrQ Z(s)=-- (1+a(sk)coth)

2(50+6 = (1-a(3)cotrQ)
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Comparing with the trgjectory equations in the form
Z(s¢) =a\B(sc)cotdsino

Z(8)=- j%(l+a(sk)cot5)
we can identify
_ 0B, <
4= 2\sin6 $ 0=

so that the closed trgjectory as afunction of s hasthe form
2(s) = a B(s) cos(D(s) ~ B(sy) +0) =

_6/B(9)\ B(s) _ _
—EWCOS(‘D(S) d(s¢) nQ)
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The above form applieswhen s>s,.. A form valid for al sis

29 = P B8 o (9~ 005 -10)

11/26/01 USPAS Lecture 7

29




