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Abstract 0
In this paper we investigate systematically the global @ =M —Dntang D =h/./deth

and local effects of horizontal-vertical couplings on the O _ + _ Jdeth 5
beam and the measurement and control of these couplings.EB = N+D mtany  tan2g = lT N—M - O
Piecemeal studies have been made on these subjects b 2 r(N-M)

different authors [1, 2, 3]. For completeness, their results _ o
are integrated here wherever appropriate. This brings #eere the fundamental coupling matrix h is

understanding and execution of the coupling correction to h=m+n =MF - FN'.
the same degree of completeness as that of the closed orbit
correction. 2 ONE-TURN TRANSFER MATRIX
1 GENERAL PROPERTIES OF SYMPLECTIC We write the coordinate 4-vector of the transverse
4 x 4 MATRICE .
8 CES phase space a%% with = E;D anti= Dy% , and
A 4 X 4 matrix is conveniently written as o R
0 0 denote by T the % 4 symplectic one-turn transfer matrix.
T=0 M{m 0. (1) Equation (4) shows that the decoupled principal coordinate
On{NO 4-vector is
The cross separates the matrix into foux 2 matrices. Mo R+E?(D withU = Mo V= Vo (6)
. . : 0- 0 T Q0 TGO
The symplectic conjugate of T is &Y, Oy
. . 0 . .0 and is transferred by the decoupled matrix P.
Tt = g s| 0 % M| n % S| 0 B _OoM |n O @) The principal betatron tunes (eigen-tunes) are given as
- = ~= 0O O
golsmmiN O |SD amtINT O usual by . .
where CoO2MV,, = éTrA, cos2ny,, = éTrB. 7
Op 10 ) . . From Eq. (5) we can derive the relationship
S=[ O = unit symplectic matrix. 5 1 2
o-100 (co2mv,, —cos2wv, )" = bTr(N—M)} +det h. (8)

T is symplectic if TT = 1, namely T =T = inverse.

: . . The ten parameters of T are all functions (lattice functions)
A symplectic matrix can be parameterized as:

of the coordinate s around the closed orbit and are written

g (01 |FO0 O ™M [MFUO as
T =oM% m +| 0=Q +| 0 @)
oo |N M_fF |1 O O_NF | N O Six principal lattice functions:
oras a, B, ¢, (fromA)
T=RPR a, B, @, (fromB)

Four coupling lattice functions:

0 inw 0 Oalg O
with R = g 0% | D8 5 p DAP_D. 4) abcd (ad-bc=1)
U_D"siny| cosp U ooiBO

0 O
In the first form, Eqg. (3), the 2 2 matrices M, N, and F {from D= B a 3%}
are not symplectic, but the number of free parameters are ¢
reduced from 12 to 10 by the relations det M = det N = (1 andy.

+det F)%. In the second form, Eq. (4), A, B, and D are aior the coupling lattice functionah  gives the overall
symplectic 2X 2 matrices. Together witly, this form strength of coupling and D gives the specific mode of cou-
contains again the requisite ten parameters. Relatiglidig. For example, a and d give the angles of rotation of
among the various forms are: the principal axes u and v from x and y, and b gives the
fraction of the amplitudes of x and y coupled over to those

of v andu’ .
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3 COUPLING ELEMENTS

There are two types of coupling elements:

quadrupole (SQ) and the solenoid (SL).
matrix across an SQ is

10 1|1 Hflo
20 1|1[I]0|g[|]

_10g+flg-10
ZDg fg+fD

1]-1H
T O
sQ~ 110

where

0 0
U cos/qs —sin./qsO
f=0 /g Ja O
O O
O-.gsin/gs cos/gqs O
0 0
O cosh./gs —smhﬂqu
9:5 /4 0
0./gsinh./gs cosh/qs O

1 an

and q= Bp i

The transfer matrix across an SL is

_ e| OED cosks |sm ks%

TgL =
D ole D] —sinks|cosks [
where
0J 1 B
_ gcosks =sinks D _1°z
0 | Kk D with k= 2Bp’
U_ksinks cosks U

For “thin” elements these become

the skeyad
The transfer

g g
MOD
go

location o around back to 0. In F we have taken only linear
terms in K of the thin (weak) coupling elements.

is the uncoupled one-turn matrix from

4 GLOBAL DECOUPLING

There are two primary global features that are affected
(9) by coupling—the betatron tunes and the emittances. Other
quantities affected are derivatives of these two, such as the
chromaticity.

4.1 Minimum Separation between Eigentunes

The minimum separation between eigentunes is gov-
erned by the relation given as Eq. (8) and was studied in
detail in Ref. 3. It is important to note that the left-hand
side of Eq. (8) is independent of s. To make it vanish, i.e.,
to makev,, = v, in fractional parts, one has to tune both
terms on the right-hand side to zero at some location s.
The equation then ensures that these terms are zero every-
where around the ring. The first term, Tr(N-M), is tuned
mainly by the normal lattice quadrupoles and the second
term, det h, is tuned by the skew quadrupoles. In general,
two SQs are necessary to compensate all error couplings in
the ring (from roll errors of quadrupoles and vertical orbit

(10) distortions in sextupoles) to give det h = 0.

For normal operation of the ring, howeve,# v,, in
fractional parts, and the lattice can be decoupled (det h =
0) only at specific locations. In a synchrotron radiation
storage ring it is desirable to be decoupled at insertion
devices. Local decoupling is, thus, useful.

4.2 Emittance Coupling
Two bilinear invariants were given in Ref. 2. The rel-

B _Op oO evant one here is
DKSQ =04 O + + 2 + + .2
O 1 (KO 0 Ogs 0O W, =UJU=(XJX)cosy+(Y D JDY)sin"y
T= E)—+'—D with . (11 . .
Uk’ 0 EK _ E"S 0 E - (X'J,DY +Y D J X)sinpcosy, (13)
05" 0o ksO where
If in a lattice there are a number of thin coupling elements, ] = E a, By E
the one-turn transfer matrix is u— 0 O
0 Yu=CuD
g g K D D I | K DD
Q’ K | 15 K qo X" = XS = symplectic conjugate.
Omio &0 1 |FO The concept and formulation of the 2-dimensional emit-
=010 . o
00 N G,0_ tancese, and, for a beam of particles moving in the 4-
dimensional phase space are not well defined, but the fol-
where lowing observations are useful.
F DZ M,iKiN;, andK; = Kgg orKg, , 1. Setting first Y = 0, then X = 0, we get the projec-
, Q tions on the 2-dimensional coordinate planes

which, when averaged around the ring and aver-
aged over the particles, may be defined as the
emittances. This gives
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Eﬁx = (X+JUX)COSZLIJ written as g({% from orbit closure we get after one revo-
O (14)

%y - (Y+D+JUDY)sin2qJ lution
UM |m %D PXp _ 2O
. . _ + = . 17
2. When the ring is not couplegi = 0  and we %T\W o+ gy~ GO (7)
+
have ¢, = 0 ande, = (X JX)=¢g, = total we make two separate measurements:
emittance. 1. oX only(dY =0), Eq. (17) gives
3. The symplectic D-transformation* D is area X = (1-N)Y
preserving. O _ 1 i (18)
These considerations lead to the identification omY = (1-M)X-0X
0 5 5 2. dY only(dX =0), Eq. (17) gives
[Ex = §,C0s W = g (1—siny)
0 X o] 0 (15) HT]Y = (1_|\/|))( (19)
2
%y = g,sinY X = (1-N)Y -dY
— The first ones of Eqgs. (18) and (19) are independent of the
To measuresiny , we get from Eq. (5) specific values of the deflections and are most useful. In
— terms of F they are
deth 5 = sin22qJ = 4sin2qJ%l—sin2L|JE, (16) + 1
(co2mv,, — co2mv, ) EF X =1-N7Y (6X only) . (20)

1

wheredeth can be calculated from the strengths of the Y = —(1- MX - (8Yonly)

two SQs after they are tuned to give zero eigen-tune sepd€ four scalar equations obtained by applying one each of

ration, namelw, = v, . oX anddY deflections are not independent. To get inde-
pendent equations we can apply, say, two independent hor-

- - - 0o _ o
5 LOCAL DECOUPLING izontal deflectionsdX; = 0 andXx, = Go The
For local decoup“ng we leave the one-turn transfg?ur scalar equations so obtained from the first of Eq (20)
matrix and concentrate on the transfer matrix over tR& independent and will determine all four elements of F
local section of lattice, say, from -s to s. If the decouplifgpm which we can calculat¢y . The whole procedure
is to be at 0, one generally needs four SQs on either sideaild be automated and the BCM, although not as fast as
o0 tuned such that F = O for the transfer matrix from -s tatee BPM, should be able to give the readings in a few sec-
and that, for the transfer matrix from o to s, F has an apponds.
priate value to cancel the existing value at 0. In Ref. 3 cer- The remainder of the procedure is identical to that for
tain symmetric arrangements of the SQs were suggesteditaed orbit correction. The BCM measurement is per-
simplify the calculation and the design. formed for each individual SQ to get the response matrix
In a synchrotron radiation storage ring one generalyements and some least-squares algorithm, e.g., the con-
wants the lattice to be decoupled at the straight sectionsvenient Singular Value Decomposition procedure, is then
insertion devices, but the number of installed SQs is gengéed to minimize, say, the values 9f  at all the BCM
ally much less than eight per straight section. Thus, Weations.
have a least squares problem of minimizing coupling in all
straight sections with a small number of available SQs. 6 ACKNOWLEDGMENT
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