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Abstract

In this report varLous methods of desJ.gnlng a synchrotron lattice wLth high transltlon
energy are descrlbed. A11 schernes are based on naklng a perlodic lattlce wtth the
number of periods n Just above the horizontal tune of the machlne. An nth haraonLc
eomponent ls lntroduced by rnodul-atlng elther the focusing or the bendlng flelds or both
1n each perlod. I{ays to generate thLs nodulatLon are explored and the effects on the
lattlce functLons examLned. Some of the Bethods provlde long drlft epaces or stralght
sections whlch nay be utlllzed for lnjeetlon, extraction, ffi acceleratlon etc.

8P 8r-a l r



TRIUM F 4OO4 WESBROOK MALL, UBC CAMPUS, VANCOUVER, B.C. V6T 2A3
PAGE

2
FILE NO,

?Rr-DN-83-51Deoenber 1983
DATENAME

Ramesh C. GuptaDESIGN NOTE

Methods of Designlng a Synchrotron Lattice with Hlgh Energy Transition Energy
SUBJECT

Content s

Abs tract

1 Introduction.

2 Theory
2.L Phase Stabiltty and Transltloo Energy.
2.2 Revlew of the theory of the strong focusing
2.3 Princlple of changing the transltion energy.
2.4 Effect of changlng transltion energy on the

synchrotron.

l-attlce functiond.

3. Methods to deslgn a htgh transltlon energy lattLce
3.1
3.2
3.3
(a)
(b)

Reverse fteld magnets.
Palrs of trLn quadrupoles.
Modulatlon in the magnet distributlon-
Misslng magnet cells.
Unequal drift lattl.ce.

4. Lattlce deslgn for the 30 GeV Synchrotron.

5 Concluslons.
References
Appendlx

(A) Extraction system for the unequal drtft lattlce.

BP31{t1



TRIUM F 4OO4 WESBROOK MALL, UBC CAMPUS, VANCOUVER, B'C. V6T 2A3
PAGE

3
FILE NO.

rRr-DN-83-51
OATE

Decerober 1983
NAME

Ramesh C. GuptaDESIGN NOTE

Methods of Deslgning a Synchrotron Lattlce wlth Hlgh Energy Transition Energy
SUSJECT

1 Introductlon

In most proton synchrotrons the energy of the Partlcles crosses a value, known as

transltlon energy Eg, at which there ls no phabe stablllty. In high current synchro-
trons the bean loss near the transltion energy due to 6pace charge defocuslng forces
and beam instabillties becomes important. A way to clrcumvent this problen ls to
deslgn a synchrotron lattlce in such a way that Eg 6tals out of the energy range of
the machine. In this report we describe nethods of designlng such a lattlce.

For the TRIUI'1F Kaon facrory a 30 GeV, 100 UA synchrotronl ) co.rslsting of CERN/ISR

magnets has been proposed. A regular lattice with Fq it the range of acceleratlon is
gtien ln flg. 1. It r.las suggested by II,G. Eerewardz ) to design the lattlce for this
nachlne with htgh Eg, enploying a Eet of trirn quadrupoles.. In this rePort several
posslble lattiees nitng dlfferent nethods for achleving hlgh Eg are described. The

l."".rrt lattice for thls proposal ls explaLned ln more detall. It provldes many long
irift spaces by rearranglng the dipole spaclpg and thus ell-ninates the need for
addtttoial e*,:^d^r*l4,€J.ee, en stralgia'"""ailts3)l The lattlce code DrMATl5) of R.

Servranckx has beln extenslvely used for this work; thls code conPutes the lattlce
functl"ons and partlcle trajectories ln a circular nachlne using a second order metrix
f ormall-sm.

2. Theorv

In section 2.1 we lnvestlgate problens at the transl,tlon energy tn a high current
synchrotron and explaln the need for designing a hlgh transltlon energy lattlce for the
TRIUMF Kaon Factory Synchrotron. In sectlon 2.2 we briefly review the theory of strong
focustng synchrotrtns gtven by Courant and Snyderq ), especially regarding the deriva-
tlon of the expresslons for the transltion eDergy. In sectlon 2.3 we discuss the baslc
princl"ple of changlng the transition energy and in section 2.4 ve examine the effects
on the LattLce functions.

2.L Phase Stabilitv dnd Transition Energy

In synchrotrons the acceleratLon of partlcles having a nonsynchronous."lRtgy or a non-

"yo.hrorrous 
phase ls posslble due to the mechanism of phase stablIlty5 rb / r provided

that the devlatlons in energy and phase are not too large. Consider the dlfference At
in the revolutlon period r due to a difference Ac in orblt circumference c and Av ln
velocity v between a nonsynchronous partlcle wlth nomenturn glAp and synchronous

Particle wlth nomentum P:

At=A9.-avr=F-r '
The momentum compaction factor c ts deflned as the relatlve change in clrcumference due

to a relatl"ve ehange ln momentun:

6P81{11
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Using this and

&.=1 A!.
v\2P

where 1 = E/Eo with Eo the rest energy' one obtaLns

4-l=(c-+)ao=rl Ae,
.rYpp

thus deflning the quantltY n.

In most strong focusing proton synchrotrons (see Eq. (I3) below) a has a value such

that n increases fron negatlve to posl-tive during acceleration. The energy at which n
becoroes 0 ls call-ed the transLtlon energy E, = EoYi and ya = l/{c'

The quantlt}' rlr whlch gtves the connection between momentum and phase errors, I's

directly proportlonal to the strength of phase focuslng. Below transltlon energy n ( 0

and phase st;btltty (focusing) exists lf the synchronous phase is chosen on the rising
slde of the RI voltage curve. Above transltlon n ls posltlve and phase stablllty can

be restored agaln if the synchronous phase ls shlfted towards the falLing slde of the
115 voltag., crrir". At Eransitlon energy rl = 0, meaning no phase focuslng to keep the
bunch compressed. However lnl also determlnes the bunch J-ength whlch ls shortest rrhen

n=0.
In low current synehrotrons the change in RF phase causes almost no beam loss since the
bunch ls shortest at transitl-on and the tLne requlred for the phase change ls very
small w.F.t. the tine tscale of phase osclllatlons. However, tn a high current
synchrotron the situation becomes different due to

(a) space charge defocuslng forces (naxinrm at transLtion nhen the bunch i6
shortest), dlsturblng the bunch length'

(b) space charge forces enhancing bean instabillties at transltlon;

Thus beam loss nay become lmportant. .

These problens become slgnlficant at bearn lntenslties about l"l of those under consider-
atlon for a TRIIJI,IF Kaon factory. At the CERN PS a sophtstlcated Vt-Junp scheme has

been inplenented/) to allow 3 x 10i3 ppp to be accelerated through transltl'on. Ior
TRIUMFI' atn of 6 x 10Ia ppp, however, lt seened desirabl-e to deslgn a lattice wlth
yg outsl-de the acc€leratlon range, 1f posslble'

t

BP 8!.t1 !
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2.2 Revlew of the theo rv of strons focuslng svnchrotrons

The equatlon of horl-zontal notion for charged partlcles wLth momentum p * Ap ln a

Eratic nagnetlc fleld ls glven by

d2**[-=r-K(s)-l x=J a.s . (1)
ds2 L of"> J p(s) p

The path varlable I runs from 0 to C (the clrcumference of the nachLne) and x ls the
deviatLon fron the equlllbriurn orbit. The disperslon functlon nx rePresents the
deviatlon for the partlcle wlth Ap/p =1

or n* = Z'pft . (2)

Furthermore p is the bending radius and K the focuslng strength on the equlLlbrium
orbit and these varlables satlsfy the periodlcity condltlons:

In addttlon lf the nachine Ls constructed of n identLcal sections then

p(s+C/n)=p(s),
K(s + c/n) = K(s)' (3)

ls also satLsfled. These sectlons nay either be indlvidual xnagnet cellsr or,a suPer-
period consistl.ng of several cells. The solutlon of eq. (1) for Ap = 0 then may be

expressed ln the forn of the so call-ed Twiss matrix M

p(s+C)=p(s),
K(s + C).= K(s).

6;:,) "(::::)'
where xr = dx/ds and

M(s) =
eosu*csinu

-y sln u

B sinU

cosu-csinp
(4)

the
where

(5)

where B(e) Ls rhe envelope function, c = -g'/2, ^( = (L+YZ)/B and u(s) = /! as/O fs
phase advance. The partlcles wlth rnonienturn p can have a maxlmum displaceient /E;
ne ls the horizontal emittance.

To solve the Lnhonogenous equatlon (Ap+0) we first aPply the Fl-oquet transfornation:

r - a-I/2

dsd0=sF,

x,

8P E!{r r
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where Q ts the nornalLzed phase advance (2n ln one eomplete orbl,t), v ls the betatron
tune and u = v0 and Eq. (1) transforms to

4 t6

1* v2E = u2 83/2 4s . (6)
d|tpp

Thls equation can be solved by expandtng 93/2/p Ln a fourler serles:

"-1ko

93/2 -ik6

(7)

wlth a e d0; (8)
k

o3/2
p

,iak
R=-oo

Lfr'

^ J-.

oneclbtains E=& r't# .

P !vz-xz
Therefore the change ln circumference AC for the off Eomenttm partlcle ts

r l"2k Ikv2-yz

I

AC =[ JLds =
p t"

e3/2 
EdS = 2nv3 &

PP

(e)

(10)

( 11)

(12)

(13)

(14)

'Uslng the deflnitlon of cornpactLon factor (sectlon 2.1) one obtains

'=fp l 
tt'Iw

where" R ls the average radlus of the machlne wlth C =,2nR.

In oost synchrotron designs the leadlng teru le the one wlth k = 0. Using the
approxlmatlon that F can be replaced by lts average value (R/v) ln eq. (8)

a = L f{-a6 = -J.- IL r"' o" = /n \ruz .-o znJ p ' ZrvJo p \ut/
Therefore ln nost synchrotron deslgn

1
C=-o

vz

Slnce It = Ll6 the harrnonlc k = 0 gives:

Yg=v.

If lnstead there ls an addltlonal naJor contrlbution from the harmonlc k = n (and
therefore also from k = -n) then

8P8t all



e

TRIUM F 4OO4 WESBROOK MALL, UBC CAMPUS, VANCOUVER, B.C. V6T 2A3
PAGE

7
t'tt$ftr-DN-83-5rootb"""tbur 

1983
NAME

Ranesh C. GuptaDESIGN NOTE
SUBJECT

Methods of Deslgnlng a Synchrotron Lattlce wlth High Energy Transitlon Energy

1 v3 v2

R v2-n22

a

I
v2 t'

+2 l'fr I t
(1s)

The factor 2 takes care

(16)

(17)

( 18)

Yr

neglectLng the contrlbutlons from other harnonlc componentsr
of the contrlbuttons from ltt l and l"-"1. '

To compute ao due to errors k(s) ln the flel-d gradlents we quote the followlng
results of Courant and SnYder.

Defining r" = J: B(s) k(s1 e-lno ds,

the fractlonal change fn F(s) ls glven by

'Uslng the nodlfled beta

3v

Jo 
"ln$,z - 1r/2)z

functl-on Ln eq.

r/2

A.8.:--:lI-
B 4tt ll=-o

(8)

Jn

4v2-n2 i)n 2t

2.3 Prlnclple of changlng the tranBLtlon enerqY

The baslc princlple of changing the transltlon energy ls to make a lattLce of periodl-
clty n and create a harmonLc compotrent an. A snall value of an wll-l brlng a -large
change ln yt fron the unperturbei (an = 0) value Tt = v lf n is cLose to v' (eq'
(15)i. Tht; lnpl-les thai the phase 

"d*'.o"e 
of each of n superperlods is close to 2r.

To Lncrease Yt, n should be just above v and to decrease lt just below' If v ( n and

the harmonlc ls strong 
"ttorrgh 

then the momentum comPactlon factor may even becorne

ndgatlve taklng Yg to an Lnaglnary value'

The natural harmonlc present due to the number of cells does not contrlbute slgnlfl-
cantly to yt slnce usually the tune of the machine ls far away from thls number'

It nay be seen fron eq. '(8) that ln order to generate an addl.tional hannonlc

coefflcl.ent anr one has to modulate either B or l/p or both. }Je shall go Lnto more

detalls of this Ln chapter 3.

2.4 Effects of chanslng transitlon energy on the lat tlce functlons

In this sectlon we shaLl examine the effects of various methods of
energy on the lattice functlons. A convenlent lDeasure to estimate
peak values of lattlce funetions le obtalned when the magnitude of
adjusted to brLng c to zero. The value of l"nl, fron eq' (15)' ln

ehanglng transl.tioD
the Lncrease tn the
the harmonlc ls
that case will be

8p 81.r r t
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Llz 
lv2-n2 lL/2

r"or =h(lJ (le)

(24)

v

Flrst we compute the change Ln the maxlmtm talue of beta functlon caused by the Lntro-
ductlon of the harnonic rnodulations of periodicity n. ThLs nodulatlon, as a result,
creates harmonLcs of order k = 0, n, Zr.r 3n ... Therefore on expandlng eq. (17), we

obtaln

AB 'h* #afu "1o0 
+ ? r++5"21n{. P 1h "31n$ 

* ... (20)
-=_-*g 4ri

Sl-nce v ls close to n it ls funportant to nake J2n zeto to avoid a large change ln B.
Therefore, assumLng that J2o ts zero and that tEE nagnitude of harmonlcs other than k =

n ls small, one obtalns usliig eq. (18)' (19) and (20)

A9- = 2{4. (v2 - o21t/2 (21)
B3v

whlch shows that g will have a higher peak value unless v Ls close to n.

The beta functl"ons and tunes w111 change Ln only those schemes whlch lnvolve the modu-

l-atton of the focusl,ng propertles of the lattlce. However, an unavoldable effect of
changlng .y6, in any ""ntre, is the Lncrease ln the peak values (maxtmum and minimurn)

of the disferslon functlon rlx. In the presence of the harmonLc comPonent8 as and

ao (and therefore a-o) onlY one obtains from eq. (2), (5), (9) and (12)

"- = e)Ltz + gL/z h (an ein0 * "-o "-1o0).
(22)

x \v",/ v--n-

whlle the origl.nal value of nx when 'y, Itas not ralsed (an = 0) was given by

n*o = ($)'" t
(23 )

wlth Bo the value of the beta function in that lattLce.

Equations (2L) to (23) gJ.ve the fractlonal change in the peak values of the dLsPerslon
functlon.

S=g
n*o (rJ (hl" l

l/2v

lvz-f 1t 
rz

frv

+ l_-

luz - rLzlr/2

negleetlng the change ln B (eq. (2i)). The equatlon agal-n exhlblts the need of staying
away frorn v = n to avoid the large peak values of the dispersLon functlons.

BP0r{1 r
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Thus we see that to avold hlgher $, v should be

hlgher nx (eq. (24)) v shoul-d be aqray froo n.
should be chosen to make a Proper compromise,;

close to n (eq. (20)) and to avold
Therefore a suitable value of v/n

The change in tune v can be conputed by ustng eq. (4.35) to €q. (4"37) of Courant and

Snyderq ) .

3 Methods to deslsn a hleh transltlon energy lattlce

In this chapter we look at nays of creatlng the harnonLc comPoDent responslble for pro-
duclng high transltion energy in a lattLce. It ls presurned that v l-s close to but less
than n unless otherwlse mentLoned. It nay be recalled that for obtalning the harmonic
coefficlent an one has to nodulate elther B (the focusing proPertles) or L/p (the
bendlng propeittes) or both. We dtvide all nethods ln three baslc approach and discuss
a few possible variations ln these approaches ln the relevant sections.

3.1 Reverse'fl eld nasnets

?he first publlshed proposalS) for a hlgh transltlon energy lattice sas based on

uslng a number of reverse flel-d magnets. These xnagnets have the same fLeld lndex but
they bend in the opposite dlrectlon gtvtng tlp a negatlve value. Thls generates a
harmonic coefficient due to the varlation Ln L/9. The obvious dlsadvantage of thls
scheme lles wl,th the considerable lncrease in circumference. In the Serphukov
synchrotron for whlch thls rnethod was proposed, approxinately an extra 25% wagnet
length was requLred.

3.2 Pal rs of trim quadruDoles

In thls nethod a paJ.r of focuslng (F) and defocuslng, (D) quadrupoles ls used ln each

superperlod to rnodulate the beta functLon. The F and D quads are placed at about a

phase- of n apart and a snall dlfference in B around the two quads generates the desired
harmonic. A detailed analystp of the scheme has beea made by Ohnumar/,
Tengt0'II) and also by Hardt/) using a somewhat different^ePProach. The rnethod

has also been used in the proposed lattice for SIS LL/L8tzl. ohnuma treats the trim
quadrupoles as an error 'tn fteld gradlents and obtains

r =t['.#E#]' (28)
\r2 vz

where JL has been deflned in eq. (16).

It appears from thls equatlon that the conponent Jo with n = 2v wlll be more effec-
tlve in brlnglng a large change ln yt than Jo wlth n = v. But eq. (17) Lndicates
that lf n = 2v the change ln I wlLl be very large and therefore ln that case thls equa-

tion and the above expression for yg wtll no longer be val-ld. I{e found that lt was

practically iropossible to change Yt by a very large amount using thls conp.onent only'

aP8lrI
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The above component (n = 2v) ln fact should be avolded ln the lattice to keep the maxl-
mr:m beta !ow. We use an unequal- excltation of the trin quads to ellninate thls comPo-

nent. rf the strength of the two trLn quads (F and D) are k + 6k and -k * 6k then k
contrlbutes rnainly for Jn and 6k to J2n. The nagnltude of the lnequal-ity in the
excLtatlon of. the th'o trln quads roay Ee used as a fltting variable to keeP $ aLnost
unchanged at the polnt exactly Ln between the two quads.

In a flrst latrlce deslgnl) for the TRIIJMF Kaon factory thls nethod was used wlth v =

n for taklng yg to - 35 wlth maxlmum beta (both B* and Fy) - 40 m. However, thls
latflce had an lnherent n = 2 v harmonLc. By an unequal-excltation of trllo quads both
8* and 9., were rnade ( 32 n whlle ralsing yg to an lmaginary value. The naxlmurn B

fn tne s'ane l-attlce sith no excl"tatlon of trla quads was about 30 m.

Probably the most stralghtforward rray to modulate B functlons Lir a lattlce is to modu-

late the strength of rnain quadrupoles themselvet. This changes Yt without increasing
the total length of quadrupoles Ln the machlne (a relatlvely snall Lncrease ln strength
nay be required to conpensate the snalL change ln v). A lattlce based on thls scheme

ls glven in fLg. 2. The length of aLl four horlzontally focuslng quads in a lattLce
wlth yg .' v was 1.7 m. To Lncrease yt to an lmaginary value the l-ength of two of
these iuads (whtch are approxinately n phase apart) rnay be changed to 1.4 n and 2.0 m

respecilvely. However, Ln the lattlce of flg. 2 th'e lengths are changed to 1.45 m and

1.98' n respectLvely to suppress Jro, as mentloned earller. The maxlmum magnetlc
field ln the magnet ls 1.65 T and-ln the quad L.2 T. The length of all magnets ls 2 n
and of drifts 0.5 m.

3.3 l.todulatlon of the magnet dl.strlbutlon

In this sectloo we dlscuss the nethods of modulating l/p ltLthout usLng the reverse
fteld nagnets. In part (a) the nolsslng Dagnet cells nethod is discussed for rnodulating
l/p without affectlng the beta functlons. Thls method has been used for the
SATURNE IIl3) lattice and for a 3 GeV booster at IT.IUMF. In part (b) ne cornblne the
ioagf.tfon 1n B to l/p to Lnerease the rnagnltude of the harmonic coefflclent |tol.

3.3(a) Mlssing magnet cells

The harnonlc component an due to L/p varLatlon can be generated by naklng a lattice
in such a way that a reLitively long sectLon nlth no Eagnets is created around one

place Ln each of n superperlods. .

We consl.der an example ln whlch a superperlod Ls made of p ceJ-ls of whlch e are enPty
(no magnets, l/p = 0). We obtain approxinate expresslons for y, and other quantitles.
l,taklng an approximatlon in eq. (8) by replaclng B by lts average value R/v we obtain

a = -L 1a\azz [' ! "-i'4 dg = r!- /n\:zz [ "'." -L 
"-tnpu*,n 2n \v/ J-n p 2r \v/ J-rla P

slnce we have n 6uperperlods. If the superperlod has a reflectlon symetiy about the
orlgln

gp81{11
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.o = *,+r"' f"'" + cos ng do = +,uJt" /" 1

and slmtlarly ln (19) '

n (o) = i3+)t"xv" [r-r*"11-r,:(*) *"o""*]L r P-e v'-rL'

cos 6dq,

superperlod' l/p ls zero ln the
in the cells wlth nagnets and

(30 )

(31 )

p

shere the new varlable e = n0 ranges fron -r to r in a

enpty eells and we can put approximately R/o ='p/(p-e)
obtaln

sin (n e/o) B-
2

L/2 (2e)
6

The actual circumference fector should be used for R/p if the lattice 1s not tlghtly
packed.

Replacing an by thls value tn (15)

--p,-
P-en

I
2

I
v2

?t

L+Z sLn? (t elo\ /
frz\

z

#) v2
v2-rr2

,
Yr

These approxftnate expFesslons predict results quite close to the values glven by the
conputei code DIMATI5), partlcularly when the cells wtth the magnets are tlghtly
flLled. A lattlce based on thls scheme ls glven ln flg. 3 where one of the four cells
is ernpty; the number of superperlods ts 12 and v* ts 10.9!43. The maxlmum magnetLc

fteLd used ln the nagnets ls 1.75 T and ln quads 1.2 T. The lengths of aL1 nagnets ls
2.5 ro and of quads 1.5 m. The drlft space between the quad and nagnet ls 0.5 n and

between two nagnets 0.3 m. In flg. 4 values of'1g and 1* predieted by eq' (30)
and eg. (31) are compared wlth those gLven by DIMAT. The varlable on the x-axis Ls

v*/o "*,f"h 
is varted by changing the strength of the'quads Ln the lattlce of f1g. 3.

tiie ernpcy cell can center elther around an F quad or a D quad. The rnaxlnum value of
nx ln ltrl f.ttfce ls lower if lt ls around a D guad. However, the naxinum value of
nx fn the rnagnets Ls lower tf lt is around an F quad'

3.3 ( b) Uneoual Drlft Lattice

The rnodularLon Ln L/ p can also be obtained by nodulatlng the strength or the distrl'bu-
tioo of the bending fields. Thls, for exampler m'Y be achleved by shtftlng the nagnets

ln such a way that they get crowded around one point and get further away from another
poLnt (whlch is about n phase away fron the flrst).

In a comblned functlon machlne the shlft of the Eagnets causes a modulatlon in B as

well. These two modulatlons (B and 1/p) can be used together to get a hLgher value of
the fourier coefflclent arr. An exanple of thls scheme is gtven tn flg' 10 and ls
explalned tn detail in chaPter 4.

gPSr{11
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The schene of uslng the two nodulatlons (B and 1/p) can obvlously be ernpl"oyed more

efficlently ln a separated functlon machlne to obtatn htgh Yt wlth modest peak values
of Bx, By and q*. On the other hand thls approach can also be utll-ized ln naking

" "orp""i dispeislon suppressor for the Lattlces of hlgh 1*. In one example we rrere

able lo brlng t* = 5.7 ro to zero by using a half enpty cell and the nodulatlon in the
quad strength.

4. Lattice desLen for the 30 GeV Svnchrotron

In thls 6ectl-on we descrlbe a lattice for the proposed 30 GeV synchrotron. I{e explaln
how the destred harmonlc for the hlgh transitlon energy is created and how varlous
parameters are optlnlzed. .

The regular lattlce (a1-1 drlfts equal-, yt = v) and the plot of Lts l-attlce functlons
are shown Ln fig. 1. This lattlce !s constructed of the so called long F and J-oug D

blocks wlth each long b!.ock conslstlng of two ldentical nagnets HFL or IIDL. In these
long blocks the trro rrgn"ts have a common coll and therefore the separatLon between the
two is flxed. However, ln the short blocks, ffS or HDS, each nagnet has a EeParate
coil and therefore the separatLon between the two HFS or HDS can be varLed.

The regular lattlce has 48 cells and each cell. has a phase advance close to but below

n/2. For. htgh yg lattlee we take a superpertod of four basic FODO cel-Ls and shift
the magnets to produce

12
++
FOODOFOODOFODOOFODOO

+

a
+

b
+

c
+

d
+

d
+

c
+

a
+

b

where a slngle 0 represents a short drlft (S) and two Ots, a long drift (L), and where

1 and 2 ate the tno reflectlon symmetry pol.nts. The magnets are shlfted syrnnetrically
away from 1 and towards 2, thus modulatlng both the bendl.ng and the focusing Propertles
of the lattLce.

Lt can be seen from eq. (8) that to obtaln a hlgh harroonlc coefficlelt. ltrri, both
g3/2 

^n6 
L/p shoul-a Ue hfgh around 2 and low around 1 (or vlce versa). In the above

structure decreasLng the length of drlfts'd increases the magnet densLty around 2,
irti"g l/p htgher; Iorru"tsely lncreasing drlfts a makes magnet denslty and I/p lower
around l. It roay also be noiiced that the short drlfts d lncrease the defocuslng (or
decrease the foclsing) around 2 (by bringing the D magneEs closer to tt) and thereby
nake g3/? higher; conversely the longer drifts a make gJtz Lower around 1. Thus'for
designlng " ttfgh transl.tlon energy lattlce Ln thls scheme, the drlfts a shoul-d be

long-r 
"na 

a shorter. Also the F,pagqgts should be at the symnetry points; D magnets

at the symxoetry poLnts wlLl changr;- g3/2 and Llp ln opposlte senses' One nay flnd

BPSttil
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eeveral possibl-e conblnations of the four drifts "a b c d" Batisfying thls requirement;
some of the drift Patterns for then are:

..LSLS. -LLSS" 
, "LMMS" e €tc.t

Ilere S, lt and L stand for short, mediun and long drlfts, M belng taken equal to the
drift length of the regular lattlce. The varl.atLon of Yt wlth (L-S) between these
patterns ls shown ln fig. 5.

These changes ln the lattLce structure also cause changes ln the tunes and in the
latttce functLons. In flg. 5 v* andi* tt. also plotted (together with I't)
agalnst (L-S). The variation of v* wfth (L-S) is different Ln these patternsr lt
decreases ln pattern LSLS but lncreases tn LMMS and LLSS, tgre^rapldly ln LLSS. This
dif-ference is inportant due to the presence of the factor \/(vz'nz) ln the expressl'ons
for .1g and ft* (eq. (15 and (22)) and especlally where v ls close to n. The

decrease in v wtih lncreaslng (t-s) ln pattern LSLS becomes so large that desplte an
-lncreasing Irol, fu eveltuqlly decreases. HoweveT, Yt continues to increase
because the facior'-L/(v2-Ifl?) ls roultlpLted^by l"t"l ln the;xpresslon of 1. (whereas it
Ls nultlplted by an Ln rhe expresslon tor'r]*). In flg. 6'B* and B, are plotted against
(t-S) for these patterns.

Figure 7 shows the effect of an increase ln the drlft b and a deerease in c startlng
wlth pattern LSLS. Thls^changes the pattern to LMIIS and eventually to LLSS. The

behavlor of y., e*,9".,, t, v* and v- agalnst (c-b) ls plotted ln thts fJ'gure for the
ii""a-""r". oF'f"Iil I'g f;. tn" .r".i"tion of y; and ff* io terma of a' and v* has been

exp1alned above. The increase ln the peak valuE of B*--(8")_ ls associated wlth the Jo*

"rrd 
r-- (J_.. and v.,) as given ln eq. (17). The najor'Conttlbuting harnonics are those
'x - rrY .ta Zu (ln o,rr case 12th and 24th harmonlcs). In the table below weof n close- to v

glve very approximate values of J, and Jru ln horlzontal and vertical planes. They

ate computed under the assumptlon'that the-gradlents of all conblned functlon magnets

can be substlruted for the giadtent errors ln the ealculatl.on of 12th and 24th harnonic
in eq. (16). I{e have also used B of the nodlfied lattlce lnstead of that of a regular
l-attlce. The values of a* and arU are also glven in this table' They are computed

using eq. (8).
TabLe I

S.No. (c-b)

(')

a|z Jtz*

(sL/z) (n)

trr, a24

@t/21

J2u*

(n)

24y

(n)

J

(rn)

I
2
3
4
5
6

-3 -0.092
-0 .07 8
-0.069
-0.067
-0.067
-4.062

-95
-60
-18

47
169
549

185
L66
L57
183
296
7A9

0.008
0.01
0.033
0.069
0.149
0.338

20
33

LO2
257
563

L46L

-18
-86
-38
130
438

12 10

-2
-1

0
L

2

Bp 61-rl I
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For g to be Low both J' and JrU (nore lrnportant JrU) should be.small. lle see ln fig.
7 that B ls low wtren b6irr l2th-ind 24th harmonlcs iie snall.

The harnonic nodulatlon Ln L/p 1n Btructure LSLS can be further augmented by lncreasing
the first long drift a and decreaslng another long drift c. The effect of thls
varLation on varLous paralneters Ls shorm ln flg. 8.

For the naln rlng Etructure LSLS ts preferred because (a) lt glves 2 loag drifts in
every half superperl-od (24 Lt full rnachtne) (.b) lt has the lowest 8* and n*. The

preslnt Lattlce ts actually a sllghtly nodlfied version of LSLS type. This
modiflcarLon was done to obtaln hlgh enough yt and also to further optimlze the lattlce
functions. The 1ayout of thls lattlce ls shoin ln flg. 9 and the lattl.ce functLons are
plotted in flg. 10. The parameter lLst ls glven ln Table 2.

Table 2

Parameter lLst for the 30 GeV Maln Rlne

1 Mach l-ne Structure Paraneters

Llst of rnaohine components Ln one superperLod:

FDR1 HFt FDll ITDL FDR1 FDR1 EDL FD22 ITFL FDR1

FDR1 HFL FD33 I{DL FDR1 FDR1 HDL FD44 ETL FDR1

FDR1 HTL FD44 EDL FDR1 FDR1 HDL FD33 H}L FDR1

FDRI HFL FD22 TioL FDRI FDR1 HDL FDll HFL FDRI

(where the elements whose name begins wlth F are the drlft sPaces and wlth H are
. the nagnets. Values of length, etc. of these 'elements are gLven below).

BpSt.att

Cl.rcumf erence
# Superperlods
l/ cetts
/l l{agnets

l.lagnet Effectlve length (n) . Bend angle

HFL 2.5109 1.88145
HDL 2.4856 1.86855

826.87 meter
L2
48
L92

Maximum nagnetlc field ln the magnet 1.35 Tesla

Length, bend angle and the fleld index of the aagnets:

(dee) Fteld lndex

-229.3925
2L9.7 433
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Length of the drtft
FDl1
FD22
FD33
FD44
FDRl

(=a)
(=b)
(=c)
(=d)

spaces (n)

5.6278
2.3377
4.6378
r.5477
0.0395

Zc Beam DynamLcs Parameters

HorLzontal tune
Vertlcal tune
Max. B;
llax. By
Max. 1111

l{in. 11*

10.98
9.87

30.5 n
37.7 m

7.6 m

-4.2 m

the nagnetlc fteld ln the kicker and the sePtum tugnet

Deflectlon Magnetic fleld
1.35 n rad .03 T

L7.5 m rad .5 T

3

Kl-cker
Septr.rrn

Concluslons

Extractlon SysteD Parameter

/l xicker magnets z 2

ii Septrmf magnet : 1

Length, DefLectLon and

Length
4.5 m

3.5 m

Several trethods of ralsing the transltlon energy of a lattlce have been explored and

the effect8 on the lattice funcElons examlned. For the rnaln rlng of the TRIIIMF Kaon

Factory wLth conblned functlon CERN/ISR Bagnet6 a lqttlce with nodulated drift sPaces

seems to be the mo6t attractive one. Lt eLftnlnates the need for extra stral'ght
sectlons and does not requl.re addltlonal trim quadrupoles.

In a separated functlon machine, partlcularly for hlgher energy' a modulation ln
quadrupole strength seems to be the most stralghtforward and appealing nethod. In a

iow.r energy r".hio., the 3 GeV Booster for example, the nlssing nagnet nethod coupled
wlth a rnodulation ln quadrupole strength nay be more suitable.

To keep the maxirnum value of the dlsperslon function low the number of
should not be too close to the horizontal tune of the nachine even I'f
hlgher modulatlon. Though a Proper cholce w111 depend on a partlcular
that an optlpun value of the tune per superperl.od ll-es usually between

superperiods
lt requires a
lattice we flnd
.85-.95 .

The harrno.nic component with v close to ry'a must be supPressed to avoid an unnecessary
increase ln the maximum value of beta functlons ln the schemes Lnvolving a modulation
in the focuslng proPerties.

4OO4 WESBROOK MALL, UBC CAMPUS, VANCOUVER, B.C. V6T 2A3
PAGE

15
FILE NO,

TRI.DN-83-51
DATE

Decenber 1983
NAME

Raroesh C. Gupta

3e8!{l I



TRIUM F 4OO4 WESBROOK MALL, UBC CAMPUS, VANCOUVER, B.C. V6T 2A3

t7
PAGE

December 1983
OA FILE NO,

TRI-DN-83-51.DESIGN NOTE
NAME

Ramesh C. Gupta

Hethods of Desl-gnlng a Synchrotron Lattlce wlth Hlgh Energy Transltlon Energy
SUBJECT

1. Progress Report on feasibtllty of using the ISR nagnets ln a TRIIIMF Kaon

Factoty, June 1983.

2. H.G. Hereward, private cornmunLcation, 1983.

References

3

4

R.C. Gupta, "straight Sectlon Deslgns"' TRI-DN-83-31.

E.D. Courant and II.S. Snyder, "Theory of Alternating Gradlent Synchrotron",
Annals of Physics, vol. 3 (1958) 42.

5 V. Veksler, Journal of Physlcs 9 (1945) 153.

6. E.M. McMill-an, Physical Revlew 70 (1945) 69.

7. W. Itardt, "Ganma Transitlon Junp scheme of the CPS", Proceedings of IX
Internatlonal Conference, SLAC (L974) 434.

8., V.V. Vladirnlrskl and E.K. Tarasov, "Problems of Cyclic Partlcle AcceleratorE",
USSR Acadeny of Sclences, l'loscotr, 1955.

o

10.

11"

L2.

S. Ohnuma, Fennllab ! note No. 105'
(A1so LA. - 9511 - C; Proceedings
1.983).
L.C. Teng, I'ilAL, FN-207, Aprll 1970.

Dec. 1980.
of the workshop on LAMPF II synchrotronrJan.

13.

L4.

L.C. Teng, NAL, TI't-276, Nov. 1970.

B. Franczak, K. BLasche, K.H. Reich, Partlcle AcceLerator Conference (1983)
2L20.

J.L. Laclare, SATIIRE, in I'IARIA deslgn synposiun, VoI. IIIr Edroontori (f 980) 55.

R.C. Gupta "Methods of Deslgnlng Synchrotrons wtth Htgh Transitlon Energy",
TRr-DN-83-36.

R. Servranckx,
note ln summer

" Lattlce code DII'IAT". Userguide wtLl be available as a SLAC PEP

L984.
15.

EPEr.alr



0

DESIGN NOTE

Appendlx A

Extractlon Sys tern for the unequal drift lattice

Here we brtefly descrtbe a fast extractlon system which flts lneo the long drlfts of
the unequa1 drlft lattice to take the beam out of the nachlne Ln a slngle turn.

The extractlon systetr ls deslgned for a bearo of emittance L2.5 T gtm nrad and conslsts
of two kLeker mrgnets and .one septum magnet. The maxlmurn nagnetic fields to be used ln
the klcker and ln the septun magnetE are respectlvely .03T and .5T.. Both klckers are
4.5 rn long and glve the beam an outward deflection of 1.35 m rad. The second klcker is
Located about 2n phase advance apart fron the first klcker and the conbined defl-ectlon
takes the whole beam to the other side of the septup mngn€t' which always stays out of
the path of the circulatlng beam. When thl-s beam arrlves at the 3.5 m long septr.rn, it
already has a clear separation of I cm from the orlginal- clrculatLng beam and gets an
addLtlonal deflectlon of 17.5 ro rad to get conpletel-y out of the synchrotron.

The extraction system ls shown tn fLg. 11 where the envelopes for the defLected and the
normal circulatlng beans have been plotted.
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