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DESIGN OF LONG STRAIGHT SECTIONS FOR SYNCHROTRONS
A. A, :Garren
Lawrence Radiation Laboratory
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ABSTRACT

A number of variations of long straight section insertions are

available for synChrotron design. Collins-type (two quadrupole) inser-

- tions may be lengthened by altering the lengths of néighbofing magnets

and géps; The iomentum.compaction.increase'of Collins-typé.insertions.
can be eliminatgd by pairing them, Anbther type of insertion using four
quéérupoles and having avphase advance-of 'radians pefﬁits drift |
lenéths several times greater than doeé ﬂhe Collins~type insertion,_

The momentum compaction increase of these 1w insertions is reduced or

eliminated by inclusion. of bending magnets ‘without gradient.

M , . _ v e
Work performed under the auspices of the U, S. Atomic Energy Commission,
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In the coursé of the 200 BeV‘Design Study, we studied severél
variatibns of long straight sections., .. The type ultimaﬁély adopted is a
modification of that originally proposed_by_Collins, but it may be useful
to discuss some other possibilities as wéll° | |

The Collins-type straightlsection (Fig;_B) consisting of an F and
a D quadrupole with é long gap between,zpermifs matching §f the betatron
oscillations through the_insertién with thoée in the normal structure,l
However, the of f-momentum closed orbits:do not match, so that one suffers

an -increase in momentum compaction due to the insertion of

}_‘
—

o = 3575_-= &O[l + (/2 sin nQ/Ns)*ll. ‘ | (.

. N . . - . -y .
where a, is the value without insertions, N, o is the number of (evenly
spaced) insertions, and v is the number of betatron oscillations per

revolution, We noticed that the increase in @ can be avoided by pairing

the insertions K 'with normal cells C : CKCCKC.2 If the total phase

“advance through this assembiage is 27 , then 3 x 3 transfer matrix for

the vector (x, x', Ap/p) will be just the identity matrix, so that
@ =% _ , for parts of the machine away from the group (& < 30 inside the

o
3.4

group). This observation was .also made independently .at CERN., We
were not too interested in using such an arrangement, because it is more
convenient to have the straight sections evenly spaced. However, the

observation that any.structure with identity matrix can be inserted in an

AGS, led Lloyd Smith to propose extra long straight éections, with

transfer matrix
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1 0 0 -1 0 0
M =\ 0 1 0. T M = 0 -1. 0 (2)
0 0 1 0] o 1
(2n-phase advancé); " or (r-phase ‘advance)

These insertions could have greater_length than the Collins~iﬁsertion
permits because there is now 5nly one coﬁdition-to it (A = 7 or 2n) ,
rather than two for the Collins-insertion (whére both the B8 and o
betatron functioné must match the normal structurg), which limits the gap
length. A. M. Sessler and the author investigated various quadrupole
arrangements: the simplest onebconsists_of two_quadrupole pairs, with a
gap‘beﬁﬁeen the two pairs twice as great as that in each ehd (between a
paif and the adjacéht magnet units)?S Tﬁis is the n—sfraight section (see
Figi 1). To obtain the n-phase»advance,_ﬁhe lengths and gradient mﬁst

satisfy

1 - £ Ka (tan Kn - tanh Kn)

_ 1
Lo= g (tan Km ~ tanh Km) + Ka tan Km tanh Km

(3)

wheré K= TﬁiET-lgg [ s and Bop ‘is ﬁﬁeﬁomentﬁm expresééd as field be
curvature. Two of them comprise a 27 straight section. Although the i
insertion has about the same momentum compaction increase és the Collins,
it can be made extremely long. Thev2ﬂ~insertion»is inordinally long, over
. four times the longest‘field—freévgap length. The m-straight section

could have a field-free gap of 100 meters in a 200 GeV machine, with a

betatron amplitude twice as great in the quadrupoles as in the normal celis;

.5
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By comparison, Collinéfinsertion gaps for 200 GeV méchines are limited to
about 30 meters (with amplitude factor about 1.2).

Internal targeting seems to be the only factor enhanced by such

_extra long straight sections. For this purpose, one very long insertion

would suffice. However, freedom from resonances requires high periodicity,

o preferably all the straight sections should be the same. Thus use of

1]

nfstraight sections tend to increase circumference considerably.

One may im*%o?e the éiréumferencé, and at the same time reduce the
mementum compaction increase;.by adding a suitable number of bending magnels,
each witﬁ.bending angle ¢,g'locatéd.syﬁmetriéally~at aisténceé'di'from the snds
of the.insertion;6 The 3 x 3 matrix of the:insgrtion is

| - . | -1 0 2¢Zdi
uo =0 -1 o S | (%)
0o o 1 o
Suppose'ﬁhat the insertion is at a symﬁetric'poiﬁt of the strﬁcture,fwhere
the closed orbit without insertions would be (aAp}p, d, Ap/p) . The

condition that the insertion ha&e no effect on this orbit is easily seen

to be

u¢

gra, ¥4 N €

.

i &1

A R o
The. factor a 1is'smaller at DD thah'at FF points, so compensation can be
achieved with least bending if the 7-insertion is at a DD-point. If the
m-insertion is too short, one may not be able to satisfy Eq. (5). Howvever

S - N ‘ . v 4 S
inclusion of the bending magnets will still improve o . It is also
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possible in this céée tb'invéde the_region between quadrupoié éairs; though
this increases the bending aper%ufe required.

" An accelerator with twelve'ﬁ-straigﬁt sections'with Ben@iﬁg magnets
was considered for the 200 GeV synchrotron, incorporating'freé drift fegions {
L6 meters iong. The'circumfefence'15 6%'greater‘than"thdt'oﬁ thevadépted
design with twelve Collins étréigﬁ£ sectioﬁs, ﬁhé betatron amplitude and
mpmentum comp#ction are respéétivelyA8 and.EO% smaller in the normal cells
for the m-straight section méchine. However? the total'quadrupolé-length
needed is over three times és great for the .1? machine, and in addition
‘the bending ﬁagnets are an added éomplica£ion, ‘These drawbacks seemed too
high a.price to pay for a more commecdious internal target ared.

Having determined that the Colliné—type insertion was best for the
particﬁlar accelerator.being considered, we'ééught possible improvements
in its design.,7 Modifications in the structuré.of neighbéring magnets had
been investigated by H. S. Synder,'ﬁhoqgh we»did not have his célculations
.at hahd. .Therefofe, a study was made of the effect of altering the length
and placement of the two gradient ﬁagnets; one on each end bf the Colling
straight section.(sée Fig; L) . One ﬁhinks of the regién between dotted
lines in Fig. &4, Which.includes'the'twésgradient magnets of altered iength,
as weil'és the guadrupoles. _prever this as aésemblage_is gég inserted at
an FD péint of the normal structure, f@ther it replaces the first half of an.
FDDF cell. Hence the transfer matrix of the aSsembiage, in order to preserve

matching of betatron oscillations, must have a transfer matrix of the form

LS

(6) .-
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where R and BD are the values of the betatron function B at Fr

F
and DD points of the normal cell_and‘_w; is arbitrary, Formulas for
the gap lengthé and- quadrupole étrength t§ satisfy this matchiﬁg requirement
are given iﬁ.the.appendix. A computer has beén given to évalﬁate'the
parémeters, as_functiqns of L, mb , (KM) , and ¥ , where K is the
quadrupole parameter, Eq,'(B). It is found that as the magnet length
m 'ihcreaSESﬁ.so does the drift iength' L , while simultaheously the short
gapé of length a decrease; as does the value of the function B in the
quadrupoles,
This scheme was employed diréctly in the adopted injector syn-

chrotron, with modified gradientvmagnets 2.34 m long, compared to
1,95 m for the normal units.l The-dfift length L so obtained is 9.3 My
coﬁpared to about T m without the.m§AificationQ

- For the mainvring, the cbrrésponding procedufe led to modified
units too long fqr fabriéation and sufpért. Heﬁée’we instead addedi
additional shérﬁ units'i;Bh n long next to the hOrhal 5.73 m units
adjoining the straight section (see Fig. 5). By this means the drift
length was increased from 31 to 34 meters, aﬁa the total raaius waé o
decreased from T02 to 690 meters.

.These examples iliustrate the fact that numeréus variations éf
loné straight sections for strong foéusing synchroﬁrons are available.
The selection made will vary with the réquirements of the particular
machine in quésﬁionf | ! |

| The author wishes té‘acknowledgé thé‘invdluable contributioﬁ
of Mr. James Busebio fo the SYNCH cbmpﬁ£er progfaﬁ, by meéns ofvwhich

. - 4 8 |
"these studies were implemented. ' e
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 APPENDIX

- Formulas for Satisfying the Matching Requirements

n Modified .Collins Straight Sections

An assenmblage of the form shown in Fig, 4 or 5 between dotted lines is

required to have transfer matrix

Ve SUPpPOse the quantity ¢ = Kni , wvhere m is magnet lenpth and - K is
defined in Lo. (3)s is giVCn for ‘both the modified gradlent magnets and

the quadrupoles. Let theee be called regpectlvely

g = Kn_ |,

!
| o o0
1. ‘
1 -
- and abbreviate
s, = sin ¢o P s = sin ¢
co. = cos @ - ¢ = cos @
5, = sinh ¢° s .= _.sinh ¢ -
¢, = cosh @ RO c = cosh @ e

We suppose the gradienﬁ'magﬁets*have a'value of K, '-identical tb that of

‘the nérmalv_F and D units. Turthet suppoee ‘that the outer gap length,

L, is uﬁynown. Thcn the remaininp parameters K s 8 5. L., m are obtained
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AC C Q. = — (s + X %c }s Ry =s 3 «Ds s
o) 3 K. o) o 7o ! o e
: C
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- - + = (= + s + L+ o+
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* For the modified half-cell, Fig. L, the matrix M is given by Eq. (3).

1 ' - For the scheme of Fig. 5>, one uses
cos Y + o sin ¥ Bisin ¥
M = ‘ ‘ v
L, 2 ,
1l +a A ' A
- 3 ~~ sin ¥ : 'cos ¥ - a sin ¥

where o and B are evaluated at the FD point of the normal cell,

In the normal Collins inserticn, the corresponding formulae are

KL = o & s;? w =88 ¢ = (XL){(s¢c - cs)2+ 2(cc - cos ¥)
: ' Sc + cs - _ 1+ a°
2 me———— gin W
B
1+ aa . _
g sin ¢ . . . :
K = L = (KL)/K, n = §/K .

~ (KL) 85 - Sc #+ cs

The maximum length. L 1is obtained when ¢ = /2 , . The maximum shifts

when the modifications are introcduced.
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FIGURE CAPTIONS

Schematic Diagram of m-Straight Section

w-Straight Section with Compensating Bending Magnets

Enﬁelope of Betatron Oscillations in a 7-Straight Section

at Full Energy', - .

Collins-Type Long Straight Section

Ceollins Straight Section with Short Gradient Mangets in End Gaps
Insertion with Quadfupole Pair and Gradient Magnets Replacing

an FD Half-Cell
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Schematic Diagram of T Straight Section

- fig .

Fig. 1

MUB-7742
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1T Straight Section with Compensating Bending Magnets
‘ fig. 2 '
MUB-7743
| Fig. 2
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Envelope of Betatron Oscillations in a T Straight Section at Full Energy

fig. 3

MUB-7744

Fig. 3
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Collins-Type Long Straight Section |

MUB-7745

Fig, 4
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Insertion with Quadrupole Pair and Gradient Magnets
Replacing an FD Half Cell"
: _ fig 5

MUB-7746

Fig. 5
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" Collins Straight Section =
with Short Gradient Magnets in End Gaps
fig. 6

MUB-7747

Fig. 6
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This report was prepared as an accoun't of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person -acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, .method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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