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SECOND ORDER AND SOME EFFECTS
DUE TO LINEAR COUPLING*

V. GARCZYNSKI

Alternating Gradient Synchrotron, Brookhaven National Laboratory,
Upton, NY 11973, USA

(Received 14 April 1992; in final form 21 July 1993)

The Thin Lens Model is extended to higher order in the skew-quadrupole strengths and is applied to a
discussion of various effects due to linear coupling. Beta-function distortions, tune splitting, and tune shift
are calculated up to the second order in the skew-quadrupole errors. The single-turn transfer matrix, to the
second order, is given. The Thick Ellipse Effect as a possible tool for the coupling diagnosis is elaborated
in some detail, to the first order. The well known Brown and Servranckx treatment of the emittance change
in a transfer line is extended to include a ring case as well.

KEY WORDS: Particle Dynamics

1 INTRODUCTION

The Thin Lens Model (TLM) is useful in describing and in correcting effects of
skew-quadrupole errors in large circular accelerators.! =5 Usually the linear, in the
skew-quad strengths approximation works well.6~8 However, in case of rings made of
superconducting magnets, which are prone to larger errors, the higher-order terms,
it seems, should be also included. In RHIC, for example, a residual tune-splitting,
quadratic in skew-quadrupole errors, was found in computer simulations.®

In the paper we describe an extension of the TLM to higher orders, using the
so called “projection” approach.6=7 The second-order terms are displayed in detail,
while the path to higher-order terms is clearly outlined. A different approach to the
TLM in higher-orders was proposed by Ruggiero,'® who also considered the stability
and the tune-splitting problems. Because of this we shall just mention these two topics
briefly , using our notation, and proceed with a discussion of the other linear coupling
effects.!1 =12 The emittance growth due to linear coupling'® and the Thick Ellipse
Effect!* will be treated to first order only.

*Work performed under the auspices of the U.S. Department of Energy.
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2 THE TLM IN THE SECOND-ORDER

Consider a ring of circumference C containing N thin skew quadrupoles of strengths
q1,--. ,qn and locations

0<s1<---<sy<C. (2.1)

Assume that a transfer matrix of an ideal ring (that is, a ring without the skew
quadrupoles) is known, and is of the (decoupled) form

TOm (8/,, S/) 0

To(s",s') = (22)
0 Toy(s”,s")
Passing to the circular representation (normalized coordinates), 2= Bz, we get
To(s",s") = B71(s") 10"0 (s",8")B(s"), (2.3)
where
B.|0
B=|= , (2.4)
0By
-1/2 0 1/2 0
Bay = [ 2—1/2 ﬁl/Z] ’B;,; = [_ ﬂﬁ—l/'z ﬁ—1/2:| ’ (2.5)
a w’y a z'y
and
N R " //, / 0
Fo (5", 5"y = | FY=lT )] , (2.6)
0 ) Ry (s",s")]
R(¢,y) are rotations
R(y) = ) 2.7)
and %, are the phase advances
ds
s",8) = . 2.8
¢w,y( ) / ﬂz,y(s) ( )

The lattice functions oy, 85, are C-periodic in their argument.
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The single-turn transfer matrix
o o
T=T(C,0),
where we took s = 0 as a reference point, can be written as follows:
o (k)

N
=yT ,

k=0

o

2| M B.MB;* anBy—l}

"| =BrB! ={
N B,mB;' B,NB;!

o
m

o (k)

(2.9)

(2.10)

where T  isak-thorder, homogeneous polynom1a1 in the skew-quadrupole strengths.

For instance, the 2 x 2 submatrices M n,m and N can be written through the first-

order d!) and second-order d(®) driving terms as follows:

M1 = cospg — dggj CoSs Ly + d(c.ésm,uz—FO(q‘l),

M1z = sinpu, — d(ss) COS fig + dg}?? sin pz + 0(q%),

[e]
My = —sinp, + d? e COS g + d(ésmux +0(q*),

Msyy = cos g + dég COS [z + dfgg. sin pz + 0(q*);

and
o] o
N = (Mg)Y, k,1=1,2
and
N = dfs*c COS lig + dc'c sin g + 0(¢%),
N1y = —d! g, COS [ty + dcs sin i, + 0(¢3),
Nop = dgé. COoS g + dgc sin p, + O(q3),
Ny = dggw cos fig + dfgg. sin pg + 0(¢3);
and

ma = (nw)Y,  kl1=1,2.

Here the notation is:

1
dfs*s) sin pz sin puy

N .
_ Z . Sin fig, COS fiy,
1 T . ’
d(c.z; ~ cos u, sin py

1
dge

dé% COS fig; COS fiy

(2.11)
(2.12)
(2.13)

(2.14)

(2.15)

(2.16)
(2.17)
(2.18)
(2.19)

(2.20)

(2.21)
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and for the second-order driving terms,

d2 c s
SS sin pf sin pl,
&2, sz eos
@ | = Z rqs sin(py — piy) P (222)
doy I<rca<N cos ug sin pl
d(c% COS [45, COS L7,
where p7, iy, are phase advances
, f ds
i = [ 5= 0s00) (223)
0 x
and similarly for the p,.
The thin skew-quadrupole strengths are
@ = (BaBy) 2, k=1,... ,N. (2.24)
The “v” operation replaces z with y and z’ with y/'.
For example, for the first-order driving terms we get
1 1
(d5e)’ = doe,
dDy\Vv — 40) ,
e @2
(des)” = dsc,

1
@2y = a

Similar but less symmetric results follow for the second-order driving terms. In par-
ticular, the relations hold:

v  v(®@)
detn = n| = di3dgy, — d§ddgy = dG% — d3% =dsc — dos - (2.26)

The outline of the derivation of these results is given in Appendix A. In the next

chapters we shall consider some applications of the TLM.
Assuming that the ¢’s are normally distributed random variables, i.e., that

(gr) =0, (2.27)

and

(qrqs) = GZ/N 6,5, 7,8 =1,... ,N, (2.28)
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and also assuming that, for both = and y directions,

(sinp™) = (cosu™) =0, (2.29)
and
(sin? u") = (cos® ") =1/2, (2.30)

while the averages of mixed products assumed to vanish, we get for the averages of
the driving terms

(dWy = o, (2.31)
(d@y = o, (2.32)
(dV%) = GZ/4, (2.33)

and similarly for the é-driving terms.

The averages of the squares of the second-order driving terms are small,and the av-
erages of products of the different first-order driving terms vanish. Thus, for example,
we get the results

(Inf) = 0+..., (2.34)
1
(In?) = gcg +.... (2.35)
The parameters G takes on these values for the Relativistic Heavy-Ion Collider and

the Superconducting Super Collider:

Go ~0.25, for RHIC, (2.36)
and
Go ~ 0.5 — 1.0, for SSC. (2.37)

3 THE STABILITY PROBLEM

If T is the single-turn symplectic transfer matrix of the form

M n 31
le, (3-1)

T =
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having eigenvalues A\, AT, Ag, A\;* then the sums
Ax :)\k+,\;1’ k=1,2 3.2)

are given by the well-known formulae?

9 1/2
Aig=2cospi o= %Tr(M +N) =+ (BTT(M - N)} +|m+ nl) , (33)

where (11 7 are, called the “new” tunes. All the elements appearing there can be easily
expressed through the driving terms (see Appendix B).
The stability conditions

1° Ay — real, 34)
2° Akl <2, k=1,2, (3.5)
can be satisfied most easily near the resonance, pu; = p,, because the determinant

|72 + n| is positive in this case.

4 THE TUNE SPLITTING

Let the new tunes 4 2 differ slightly from the old ones:

U1 = pg + 2wAvy P2 = py + 2TAvs, (e > py)- 4.1)
From Equation (3.3), one then gets

1
Avy = — - ———Tr(M+N
Y1 2n cot hz 87 sin i, r(M+N)
1 1 2 1/2
—— | |zTr(M =N m 42
4”1%([2 o - )| +|m+nl) v, @)
and
A —icot ——Tr(M + N)
Y2 = or Oy T grsin oy "
1 1 2 Y2
——(|zTr(M =N m 43
e ([2 = ) +|m+n|) + (43)
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The leading terms, on the resonance p, = p,, are

1/2
Avy = — sgnlsinpe) o [ (@0 +dh)+ (@@L +a@)’] "+ @9
and

Avy = —Av; . 4.5)

Here we used Equation (B.13) (see Appendix B) for the determinant |72 + n|. This
can be viewed as a generalized “Golden Rule” since the above combination of the
first-order driving terms is of the first-order in the ¢’s:

(2 + d2)* + (a) + 2 ]1/2

Z qkel(“w uk)

The higher-order terms in the expansions of 7r(M + N)) contribute to the “residual”
tune-splitting, which persists after all the first-order driving terms are corrected:

(4.6)

v(2) v(2)
Avt, g = (d(z) (2)+ dec + dss)
@ o v v
— sgn(sin uz) dée +dgs— doe — dgg|+ -+, 4.7)
and
L (o VD V@
Avg gy = — oy <d(0(); + d( )+ dee +dgg
) @ @

+ sgn(sinpm)8 (2) -+ d(2)— doe — dgg| - (4.8)

In-order to correct the tune-splitting up to the second order, one requires that: the
local correction scheme at s = 0 satisfy

1 1 1 1
dg} = dg} = dgy = dg =0, (49)
and
d3), +d$) (4.10)
and
v v

dcc+ dSS: 0 (4.11)
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Clearly, the tune splitting vanishes under these conditions. The last two conditions can
be expressed through the ¢’s as follows:

@) (2) v(@)  v(®@)
Aol + dgg— doo — dgg= Y _ grgssin(6, — &) =0, (4.12)
r<s
and
@) @) v(@)  v(®@)
e + dgg+ doo + dgs=— Y grgssin(o, — a5) =0, (4.13)
r<s
where.
8 =l — 1, (4.14)
and
o =+ 1. (4.15)

5 THE TUNE SHIFT

Owing to the basic formulae of Equations (2.11)—(2.15), one finds for the traces of the
submatrices M and N the expressions

1 1 1
3 TrM = <1 - §|n|) cos g + 5 (d(cz,)c + dg‘g) sin gy + - - - 5.1
= cos(kz + Apz),
and
1 1 1 /v®  v®
3 TrN = (1 - §|n|) COS [ty + 3 doo + dgg | sinpyy + -+ 5.2)

= cos(uy + Apy).

Hence for a small tune shift Ap,, Ap, we obtain

_ 1 @) | 42
Ap, = §|n|cotuz——2—(d +d ) (5.3)
and
1 (v@® @
Apy = In] cot by — = (dcc + dss) . (5.4)

Notice that the tune shift vanishes at the point where the tune-splitting correction was
done.
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6 THE BETA FUNCTION DISTORTIONS

The new beta functions are given by (cf. Equations (B.9) and (B.11) in Appendix B)

B1 = (sinp) tAig = Br + ABy, (6.1)
and
Ba = (sinpz) ' Big = By + ABy, (6.2)

where Aj, , are the beta-function distortions. Taking into account Equations (B.8)
and (B.10), we get the results

% = —1+ (Bysin pg) ' Myg — 2mAvy cot

(6.3)
+[Bz sin po (t + )] H(W + n)mfiz + -+
and
A
—ﬁﬁ—y = — 1+ (Bysinpy) " N1z — 2mAv; cot py
Y
— [Bysinpy(t + 8)] 7 [(m +R)njia + -+ . (6.4)
The leading terms, on the resonance p; = iy, are
N
A/Bﬂz — % Sgn(sinﬂm) cot )U'E quei(#:_”z) “+ .- s (6.5)
z k=1
and
ABy AV
=R 6.6
8, A (66)

The residual beta-function distortions remain after the tune-splitting is locally cor-
rected:

AB,
a = 42— dDcotpy + -, ©.7)
ﬁz Av=0
and
A v(2)  v(@)
ﬂ = —dcs*dSS’ Cotﬂy+"'. (6.8)
IBy Av=0
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From Equations (6.5) and (6.6) we get the following rms estimates of the leading-order
beta-function distortions (on the resonance p; = py):

A\ _ é@) _1
(m )rms— ( 5, ). 2Go|cotpz|. (6.9)

Substituting the relevant RHIC parameters,

Mg = 2m x 28.827, p, = 2m x 28.823
Gy = 0.25, (6.10)
we get
(%) =0.14, (RHIC). (6.11)

7 THE THICK ELLIPSE EFFECT

Coupling between the transverse z and y degrees of freedom causes phase plots
(z,2') or (y,y’) that are thick ellipses (the Thick Ellipse Effect). This effect is seen
in computer simulations of the z-y coupling existing in RHIC: a smear of the familiar
Courant-Snyder ellipses (or, rather, circles in suitably normalized coordinates) is
produced in both the (z,z’) and the (y,y’)-planes. The smear presented in Fig. 1
corresponds to plotting of the (z,2’), and (y,y’) components of a finite number of
points (1000) in a discrete set of points:

T(20),T(T(20)), --- » T(---T(T (20))---), (7.1)
1000

where T is a single-turn map that includes all the z-y coupling, not just the linear
one. Thus the example is not a perfect one for comparison with our results presented
below, which do not take into account the coupling produced by sextupoles and higher-
order multipoles. Also, we do not stick to just one initial vector 2 as in the example.
Presumably more of the phase space would be covered if a variety of initial vectors
were employed and a larger number of turns considered.

In this paper we examine the linearly coupled motion produced by thin skew-
quadrupoles distributed around a ring and determine their contribution to the Thick
Ellipse Effect. We reveal the main driving terms responsible for the spread of the
invariant curves. We also show that the spread is removed at the point where the tune
splitting correction is made.

In-order to be able to accommodate any trajectory, corresponding to any choice
of initial conditions and number of turns, we are looking for the total areas in the
physical subspaces, i.e., the (z,z'), (y,y’) and (z,y) subspaces, that are available for
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FIGURE 1: The Thick Ellipse Effect in computer simulations of the z-y coupling in RHIC (courtesy of
G. Fritz Dell).
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the motion. They are given by projections of the invariant 4-ellipsoid that replace the
familiar Courant-Snyder curves when the linear coupling is present. We study this
rather novel object in some detail first.

As usual, 0€4 denotes a two-dimensional surface of the solid four-dimensional £y4;
similarly for the lower-dimensional geometric objects appearing in the sequel. We
will estimate the effect to the first-order in the skew-quadrupole strengths since it
is, usually, sufficient. We hope that the detailed treatment of the effect will result in a
tool for diagnosis of the linear coupling.

We consider the betatron motion under presence of the linear coupling produced
by skew-quadrupole fields. The Hamiltonian of the system is quadratic with the C-
periodic coefficients

_lo 1o 1, 5 2, 1, o
H—zpz+2py+2(p k)x +2ky Nzy. (7.2)

Corresponding coupled Hamilton’s equations are linear, and their solution can be
written in the form

2(s) = T(s,50)2(s0) - (7.3)

It is well known? that there exists a real symplectic matrix R such that when passing
to new variables w = R~ !z

3 u 3 U 74
|- "

the motions decouple, i.e.,

w(s) = U(s, so)w(so),
and, cf. Equations (B.1)-(B.11),
A 0
U=R'TR= : (7.5)
0 B

The submatrices A, B are real 2 x 2 symplectic matrices describing uncoupled normal
motions. In particular their powers are given by

A" = e™I1 = 1, cos(nuy) + Jq sin(npy), (7.6)

B" = ™32 = 1, cos(nug) + Jo sin(nus), (7.7
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where the matrices Jy, are C-periodic and symplectic:

ok B
Jk=( e ) (78)
Yk T Ok
Ikl = Bew —ak =1, (7.9)
and
3= -1, , k=12 (7.10)

The o, Bk, i and py are called the new (Twiss) parameters and the new tunes.
It follows from the properties of the single-turn transfer matrix 7'(s) that the bilinear
forms

z (s)ST™(s)z(s) , n=1,2,... (7.11)

are independent of the s- variable; they are invariants. There are two independent
invariants Wy, W5 such that

2 8ST™z = Wisin(nu) + Wy sin(nus), (7.12)
where
W1 = —(mu? + 20w’ + fu’?) = —¢; <0, (7.13)
and
W = —(720% 4 20000 + B2v?) = —e5 < 0. (7.14)

When the tune splitting is corrected, i.e., when p; = p; = p, the invariants for
different n became proportional to one another. In particular, we have the relations

2 ST"z = k28T, (7.15)
where
Kn = sin(nu)(sinp)™, n=1,2,... . (7.16)

Thus it is sufficient to study only the linear in T invariant, as all other invariants yield
the same family of surfaces

2 8Tz=\. (7.17)

We shall consider, in some detail, the case of A positive as it is related to the case of
RHIC, for example. Hence, we consider the invariant 4-ellipsoid, &,, defined by the
above equation.
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8 THE MACHINE 4-ELLIPSOID

It is convenient to employ the normalized coordinates 2, cf. Equation (2.4), and write
equation (7.17) in the components

5 %o 4 °© o o
Z8Tz=2STz= Y Frezrze, 8.1)
k=1
where the coeflicients are
Froi=(STke , kt=1,...,4 (8.2)

They can be expressed through the driving terms using Equations (2.11)-(2.20). It
appears useful to consider also the symmetrized coefficients defined by the expansion

a o
2 8 Tz= Fpptt® + 2F,pax’ + 2F, ay + 2Fpyxy/

+ Fprp@’ + 2Fpya'y + 2Fpyx'y + Fyyy® + 2Fyyy + Fyyy/* = X
(8.3)

We have dropped the little circles since we will work, exclusively, with the circular
representation. The new coefficients are:

o \%
a. Fz:z:MZl:Fyy,
o o \
b. 2Fpp = Moy — M1 =2 Fyy,
o o M
C. 2Fzy =Tng1 + Mg = 2 mea

o o v
d. 2mel =MN9g2 — M1 = 2 Fyz/,

F. My=F
e. gt = — My = Fyryr,
'z vy y (84)
f. 2ley = 77’122 - ’;)111 =2 me’,
o o v
g 2Fpy =—mnip —mia=2Fyy,
o \%

h. Fyy=Ngy = Fqg,

. o o \
1. 2Fyy = Ngg — N11 =2 Fgy,

o \

j, Fy/,y/ = — N12 = leml .
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One notes that Equation (8.3) of the invariant 4-ellipsoid stays unchanged under
the transformations

1° 2z — —2,

Y v (8.5)
2° z—z, F —F,
where
Yy
yl
Z= , (8.6)
x
.’E,

\
and F is obtained from F' by the replacement z < y. The first symmetry means that
the 0&,4-ellipsoid is centered around the origin. Any plane, passing through the origin,

divides &, into the upper, 0, f) , and the lower, 854&_) , parts, which both project onto
the same sets. This may be seen clearly on the models in two and three dimensions, in
Figure 2. The second symmetry reduces the algebra involved by half, since the other
half of the quantities of interest follows from the first by the v operation.

9 THE PROJECTIONS OF THE 8¢, ONTO THE (X, X'), (Y,Y"), AND (X,Y)
PLANES

Projecting the 0&;-ellipsoid onto, say, (z’,y,y’) space means finding a domain on
which the coordinate z of the upper branch 9¢ ,§+) (or, equivalently, the lower branch

8845—)) is defined. There are four distinct projections, since the 4-ellipsoid’s equation
can be solved for the =, z/, and the y4, y/. coordinates. In-order to see this, let us
write Equation (3.3) in the four distinct forms:

azx? +br+c=0,

2 v_VY. 2 7 4
(az® + bz +c)Y =ay*+ by+ c=0,

9.1)
pr’? +qz’ +7 =0,
(P + gz’ + 7)Y =p y*+ g y'+ =0,
where the coeflicients are
a= Fa:a:a
b=2F,px’ 4+ 2F,,y + 2F,, Yy, 9.2)

c= F15,;l:c/.’l:’2 + 2Fx1y.’1,‘,y + 2Fxly/.'1,"yl + Fyyy2 + 2Fyy/yy’ + Fy/y:y’z — A
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FIGURE 2: Projections of the upper y+(z+), and the lower y_ (z_) branches of the ellipse, a, and
ellipsoid, b, coincide, and are symmetrically centered around the origin 6.
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and
b= Fz’:c’;
q= 2Fx’zx —+ 2Fz’yy + 2Fx’y’y/, (93)
r= Fpa0® + 2Fpyzy + 2Fpyay’ + Fyyy® + 2Fyyyy’ + Fyyy? — X

Hence we find for the upper and the lower branches,

Ti= L (=b£ Vb —dac) = 2+(2',y,Y),
pam (02)" = va(t)2,2),
= (—q £ /g2 — 4pr) = 7 (z,y,¥),
yr=(24)" = yi(z,2,y).

It is understood that the solutions are real, which means that the following inequalities
hold:

(94)

b? —4ac > 0,

V2
b —4aé> 0,

(9.5)
q2 _4]77' Z Oa

2
g —4pr>0.
They define the domains, four solid 3-ellipsoids, on which the solutions z., etc. live.

\ \
Hence, we found the projections of the 4-ellipsoid, 04, onto &3, £3 and M3, M3,
which are 3-ellipsoids, as shown in Figure 3. The surfaces, 9&; etc., of these 3-ellipsoids
correspond to loci of points on the 4-ellipsoid, €4, where the solutions z and z_,
etc., coincide. They determine the boundaries of the projections, cf. Figure 2.

In the next step, we project these 3-ellipsoids onto the (z,z'), (y,y') and (z,y)
planes. That is, we use only four out of the twelve distinct possibilities to project
the 3-ellipsoids onto the various coordinate planes, cf. Figure 3. In principle, to find
the projections one could repeat the above construction; however, another way of
projecting seems more appropriate in these already imaginable cases. In-order to
project, for example, the surface 8&;(z’,y,y’) onto the (y,y’) plane, we slice it first
with the planes

¥ =c, (9.6)

where the parameter c varies as indicated in Figure 4, and project the intersecting el-
lipses onto the (y,y’) plane. Taking the envelope of the projected ellipses 8> (c, y, y')
with the respect to the parameter c, one gets the ellipse 9€>(y, y'). The final solid el-
lipse £(y, y') is now called the projection of the 9, ellipsoid onto the (y, y’) plane. To
find the envelopes, one has to eliminate the parameters z’, y’ from the supplementary
conditions.
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aEY -}

FIGURE 3: Projections of the 8€, onto the three-dimensional ellipsoids, and the ellipses of interest, as
indicated by the arrows. Eight unused possibilities are indicated by the broken arrows and circles.

29,

Env E, (x, ¥, ¢)
[

tangential to projected ellipse, having
maximal y-coordinate, at the point (x ¢, y4)

FIGURE 4: Slicing of the 3-ellipsoid with the planes z=c,—co<c<co and projecting the intersecting
ellipses onto the (z,y) plane. The projected ellipses possess the elliptics’ envelope.
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2;(b? — 4ac) = 0,

F) v2 \A%
3,7(b —4ac) =0,

5 . 9.7)
3,7 (¢* —4pr) =0,
24 —ap) =0,
Substituting the solutions back into the conditions of Equation (4.5), with the equal-
ity signs, we get the equations of the ellipses 8&;(y, y'), Bc\‘,/'z(x, z') and OMy(z,y),
0 ]\\/4 2 (y, x),:

0 Eyyy® +2Eyy + Eyyy? = A,

VooV, v v )

0Ex Eyy? +2Eyy '+ Epyy 2 = A, ©8)

OMy: Mypx? + 2Myyzy + Myyy? = A, ’
v Voo, v Voo,

O My Mgz y™+2 Mgy yr+ My, z° = A,

where the coefficients are given in terms of the initial coefficients F' up to second-order
in the ¢’s:

Eyy =Fyy + (Sin#z)_l(FmQy + Fzz'y) +
Eyy = Fyy + (sin uz)_l(Fzszy’ + Fory Fpry) + -+,
gy/y/= Fylyl + (Sinuz)_l(FZZy, + Fzzlyl) —+ .- 3
. _ v 9.9
Mxx=F1z+(Slnuy) lFa?y’+'”:Myyv ( )
v
Myy=Fpy +--- =My,
v
Myy= Fyy + (sinpg) ' F2, + - =My, .

Another, perhaps shorter method of projecting is described in Reference 16.

10 POSSIBLE MEASURES OF THE THICK ELLIPSE EFFECT

Let us denote the projected emittance, in absence of the linear coupling, as

€= A(—sin pg) 7!,
( ) (10.1)
€y= A\(—sinp,)t,
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and let us rewrite Equations (9.8) as follows
a. eyy? + ey 2yy +eyyy? =€y,

v v v
2 / 2 _
b eyy T4 eyy 227+ eyy T €z,

(10.2)
C. Maaa®e +may2zy(eney) ™% + myyy’e,t =1,

d. Mas vie 1+ 7\r/z$y 2zy(€zey) Y2+ %yy 2,1 =1,

where the new coefficients are

eyy = Eyy(—sinpy) ™,
eyy = Eyyr (—sinpy) 7, (10.3)
eyy = Eyy (—sinpy) ™,

and
Mye= Myz(—sin pz )71,
Mgy = My (sin pg sin p,)~/2, (10.4)
Myy= Myy (= sin py) .

Setting the skew quadrupole strengths g equal to zero, we get from Equations (8.4)
and (8.9) the results

=1,

eyy'g =1, eyy’lo =0, eyyl,

(10.5)
Maz|y =1, May|, =0, my|,=1.

Hence we recover the familiar Courant-Snyder circles (in the normalized coordinates)

v +y? = ¢y, (10.6)

1?4+ 1% = ¢, (10.7)

and the ellipse in the (z, y) plane (from the last two parts of Equation (10.2)),

2 2
! (10.8)
€y €y

For the averages of the coefficients e and m we get the results

(eyy) = (eyy) =1—rK/4,
(Maz)= (Mmyy) =1 - K/8, (10.9)

(eyy') = (may) =0,
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where the parameter « is

Kk = G2(sin py sinpy) "L (10.10)

For the averages of the conjugate coefficients, one has, in general the relations

(€)= ()", (m)=(m)". (10.11)
Equation (10.2) yields
2 + yl2 =¢ ,
Y Y (10.12)
z? + 22= €,
where
€= (14+k/4)e,,
v= (14 r/4)ey (10.13)
e.=1+k/4)eg
Equations (10.2c) and (10.2d), after the averaging, yield the same equation
2 y?
o + o= 1, (10.14)
T y
where
en=(1+kK/8)es,
( /8) (10.15)

€,= (1 +K/8)ey.

It seems that the areas enclosed between the ellipses of Equations (10.2a) and (10.6)
and the corresponding curves of Equations (10.2b) and (10.7) can be considered as
measures of the Thick Ellipse Effect. They are available for a spread of a trajectory
when linear coupling is present. The characteristic dimensions, § of these areas are
related to the coefficients e and m (in the same-order as shown in Figure 5):

a. by = [(eyy)_l/z —1]/&, &y = [(ey’y’)_1/2 - 1]\/5_ya
b. 6, = [(\e/yy)—l/2 - 1]\/5_% 6y = [(\éy'y')_l/2 - 1]\/€_xa (10'16)
c. b= [(mw)‘l/2 -1/, by = [(myy)_l/2 - 1]\/6_y

The areas between the curves in case a. are

8A = [(eyyeyy — €2,) "% — 1]me,, (10.17)

and are similar for other cases.
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(a

(b)

()

FIGURE 5: The Thick Ellipse Effect produced by the linear coupling. The outer ellipses correspond to
Equations (8.2) — (8.4), while the inner curves correspond to Equations (8.13) - (8.15).
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If one performs the averaging procedure first, and then calculates the relevant
characteristic dimensions, one gets the results

Ky/€z, (10.18)
c. b,= %H\/E_w, Sy = Tlén €y

where the scale « of the Thick Ellipse Effect is given by Equation (10.10). In the case
of RHIC it is equal to

KRHIC = 0.007 . (1019)

This is a rather small value to explain the observed effects as shown in Fig. 1: only a
fraction of the effect can be attributed to the linear coupling alone. It seems that the
bulk of it is produced by sextupoles and, possibly, by higher-multiplicity fields.

The very shape of the projected ellipses can be used for diagnosis of the linear
coupling. For instance, the rotation angle ¢,, ¢, of the (y,y’) and (z, 2") ellipses are
related to the coefficients ey, etc., as follows:

\

[ €y’
tangy =~ tang, = -0 (10.20)
vy Eyly!

They can be expressed through the driving terms using Equations (10.3), (9.9), (8.4)
and (2.11)—(2.20).

The projected Equations (10.2) could be useful when matching the linearly coupled
beam in a machine to another one — at the injection point, for example. The coeffi-
cients ey, ey,, €y, should be identified with the v,, oy, 3, lattice functions of the

matching beam. Similarly for the coefficients \éyyz Vx> EtC.

11 EMITTANCE CHANGE DUE TO LINEAR COUPLING

This problem was considered earlier by K. Brown and R. Servranckx!® for the case
of a transport line, and we follow their method supplemented, by our treatment of
A terms, (see below). We also consider a ring case, which requires an extension of
their formalism. When linear coupling is present, one considers a single 4-dimensional
ellipsoid instead of two separate invariant ellipses:

Zo7l2 =1, (11.1)
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where
X
x/
z= , (11.2)
Yy
yl
and
O
o= [N X ] (11.3)
X Oy

is a symmetric and positive definite matrix while o, o, are symmetric, positive-definite
2 %2 submatrices describing projected emittance, and x represents the linear coupling.
When passing from a point s, to another s; in a ring, the ¢ matrix transforms as
follows:

o1 =Too T (11.4)

when

1 = TZ().

Assuming that the initial beam is decoupled (xo = 0), one gets the relations

0z1 = Mo, ]\} +noy, n, (11.5)

oy1 = Noy, N +mog, m, (11.6)
and N

X1 = Moy, 7’;1 +n0'yo N. (117)

The initial condition x, = 0 is pertinent to a transport line. For a ring, a periodic
boundary condition is appropriate; this requires suitable extension of the formalism
as given below. Denoting the initial projected emittance as €;,, €,,, Wwe have at the
point s,

€2, = Det (04,), (11.8)
and

€2, = Det (0,0), (11.9)
and at the point s;

€2, = Det (041), (11.10)

and
612/1 = Det (01), (11.11)
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where 0,1, 0,1 are given by Equations (11.5) and (11.6) respectively.
Let the initial beam ellipses be upright and match perfectly the machine ellipses:

-0'11 (@) ] F/Ba:o o ]
Ogo = = €zxo 1] (11.12)
| O o022 | O B
and
o o 6, O
G =| = | : (11.13)
L O 044 | L o0 y_ol i
where we have assumed, for simplicity, that a;, = ay, = 0.
Using the identity
A A Bi1 Bpo
Det (A + B) = Det (A) + Det(B) + , (11.14)
By By A1 Ajo
one finds for the projected emittance at some point s; downstream,
€2 = e2,Det? (M) + €2,(n) + A, (11.15)
and
€21 = ex,Det?(m) + €2, (N) + Ay, (11.16)
where
My ny]? My myp]?
Ag = 011033 + 011044
My ng1 My ngo
My ny]? My Nip]?
+ 022033 + 022044 , (11.17)
22 M21 22 MN22
and

2 2
m11 Nn mi1  Nio
Ay = 011033 + 011044
ma1  Nop ma;  Nap

mi2 Nu 2 mo1  Nia 2
+ 022033 + 022044 . (11.18)
maa N ma2 Nap
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It follows from the symplecticity of the matrix T that

Det (m) = Det (n) = &, (11.19)
Det (M) = Det(N) =1 — &, (11.20)

and
A, =40, =A. (11.21)

Thus the projected emittance at the point s; is

€21 = (1- k)€, + K22, + A, (11.22)
and

efjl =r2e, + (1 - ")2650 + A, (11.23)
where®

2
My nin

+ﬂ1013_01
] v le N2

2
M1 nyo
21 T21

A= €zo€yo ﬂzoﬁyo I:

2 2
Mis n1p Mia ni2
+ ﬂ;olﬂyo I: + ﬂ;ol 3;01 ] - 0
22 T2l Mss  nao (11.24)

As a result we obtain the relation!®

2y — €2 = (1—2k)(2, — €5,). (11.25)

Brown and Servranckx!® consider simple consequences of this relation for a transport
line, and we refer the reader to their paper for details. Instead we would like to expand
their formalism to include a ring case.

Inside a circular accelerator, the proper condition in constraining the beam ellipsoid
matrix is the periodic condition. In other words, Equation (11.4) now becomes

~

~ Oz
o1=Toc T=0= |: X } ; (11.26)
X Oy

«© _»

where now T stands for a single transfer matrix 7°(0), and the subscript “o” at o was
dropped since now s, = 0 can be any point in a ring, (which we also choose as a
reference point in our calculations). As a result, o is determined, and thus it is no
longer possible to assume that the submatrix x vanishes, as it was for the transfer line
case.
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Solving the above equation (see Appendix C for details), one finds in particular the
expressions

0z = 9°(pz + Rppy RB), (11.27)

ay = g*(py + Rapz Ra), (11.28)

and for the submatrix x, which describes the coupling, one gets the result

X = 9°(p= Ra +Rppy). (11.29)
Here we use the notations:
Ba —oa
Pz = €A N (1130)
—aA YA

is a symmetric and positive definite matrix, and similar for p,, with A replaced by B,
and

Ra=(t+6)"'(m+n)=—-Rp, (11.31)
and
s t+0
=<5 (11.32)

with all the quantities being calculated at the reference point s = 0.

Notice that o, and o, agree with those given previously, cf. Equations (11.12) and
(11.14), when the coupling is absent. This is so because g2 = 1, and R4 5 = 0, and
the new Twiss parameters coincide with those of the ideal lattice when the coupling
vanishes. The same is true for the parameters e 4, g, which coincide with the projected
emittance e, . The x submatrix vanishes, obviously, when the coupling is absent.

Equations (11.27) and (11.28) enable us to calculate the projected emittance, at the
point s = 0, using Equations (11.8) and (11.9) and the identity (11.14):

e2 = g* (¢4 + |Rs|?e; + AL), (11.33)

and

e =g* (¢ +|Ral’4 + 4, (11.34)

where

A=Al = A (11.35)
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In the Thin Lens Model we find,

1
A~ yrrrws AV)2 ZQleCOS — ) cos(uy — wy) + 55| 2eacs,  (1136)

k=1
where
Av =y, —v,. (11.37)
Also, using Equations (2.16-2.19) we find,
K~ Y qegsin(ul — pb) sin(uk — pl). (11.38)
1<k<ISN
Denoting
t—6
¢= 55 (11.39)
we get from Equations (B.6), (11.31), and (11.32) the results
g*|Ral* = ¢? (11.40)
and
=(1-¢)%. (11.41)

Thus, we finally obtain the projected emittance at some point s = 0 in a ring:
e2=(1-¢)>%4 +Ces+ A (11.42)
and
=(1-0)2L + & + A (11.43)

Subtracting both equations, one gets a relation analogous to that for a transfer line,
cf. Equation (11.25), only now ( is the relevant parameter instead of «:

e — el =(1-20)(} — €p). (11.44)
Therefore, one may repeat the analysis and consider different cases of interest,

Case 1. If the new emittances are equal,

€A = €B , (1145)

then, at any point in the ring the projected emittances coincide:

€z =€y . (11.46)
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Case 2. Ifats=0

then, at this point

-

2

1
€ =€y = [1(6‘24 +€%) + A’]

Case 3. If
€4a#0 but eg=0,
then
A'=0,
and
€x = |1 - ClEA )
and
€y = [Clea
If
0<(¢<1,
then

€z = (1 —()ea , €y = Cea ,

and, as the result, the sum becomes constant:

€x T+ € =€4 .
However, ifats =0

(<0,
then
ez=(1—-C)ea, € =—Cea,

and the difference becomes constant:

€x — €y = €4 .

Hence the projected emittance can become large.

29

(11.47)

(11.48)

(11.49)

(11.50)

(11.51)

(11.52)

(11.53)

(11.54)
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Similarly, if at the point s =0

¢(>1, (11.55)
then

eg=—(1-ea, € =Cea , (11.56)

and again the projected emittance can be large:

€y — €z =€4 . (11.57)

Similar situation arises when ¢4 = 0 buteg # 0.

The sum of projected emittances can only exceed the sum of new emittances — in
general, in accordance with inequalities analogous to Equation (58) in Ref. 15.

We can also perform relevant calculations of the projected emittance at some other
point s; in a ring with the known emittance found for position s,. See Reference 19
for some details.
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APPENDIX A Extension of the TLM to Higher Orders

The single-turn transfer matrix, in the circular representation, is given by the product

T (C,0) =T, (C,sn) Tsq (sn) To (sn,sn—1) -+ To (s2,51) T'sq (s1) To (31(, O)i)
A.

where JO“SQ (sk) represents the transfer matrix of the kth skew-quadrupole

(A.2)
and the 2 x 2 matrix ¢ is
(A3)
where
a(se) = fi ' (BaBy)?| (A4)

Sk

Equation (A.1) can be rewritten in a rather remarkable way, as it can be verified by
induction, for example,*5

T=Tn (To)_l Tn_1 (To)_l - Ty (To)_l T, (AS)
where
Tk ETO (C, Sk) TSQ (Sk) TO (Sk,O) ETO Pk, (A6)

where we have denoted

o o o 1, Fy,
Py =Ty (O,Sk) TSQ (Sk) To (Sk,O) = s (A7)

Gk 1,
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and

Fi= B )t | R(up), (AS8)

and
Ge=RT()t | RGub) = (i)Y = ~F, (A9)

where F means a symplectic conjugate of F, cf. Equation A.33.
The 4 x 4 matrices P, are symplectic under these conditions. Taking into account

that the inverse matrices (70‘0)‘1 cancel inside of the product in Equation (A.5), we
get finally the main formula

o o

T=Ty Py P, = (A.10)

= (A.11)
Performing the matrix multiplication we obtain for the 2 x 2 submatrices
M :R(pm)(12+ > F,G, +) (A.12)
1<s1<s2<N
N:R(uy) (12+ Z Gstsl +) = (M)V’ (A13)
1<s1<s2<N

N
ﬁ:R(uz)( ZF31+--->, (A.14)

N

iz =R(uy)( > Ga, +> = (7). (A15)
s1=1

The higher-order terms are easy to find. They are products of even or odd numbers of

o
the F’s and G’s intertwined. For instance, the next terms in the expansions of M and
n matrices are, respectively,
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> F;,Gs,Fs,Gs,, (A.16)
1<s51<82<53<84<N
and
> F,Gs,F.,. (A17)
1<s51<82<83<N

Since Fj, Gy are linear in ¢, the expansions, Equations (A.12)-(A.15) are, in fact, Nth-
order polynomials in the skew-quadrupole strengths.

Further manipulations with products of 2 x 2 matrices, and with their sums, are
facilitated by the fact that for any 2 x 2 real matrix A the following decomposition is
valid,®

a b
A= [ d] =A; +A_J, (A.18)

C

where the matrices Ay are proportional to rotations

1[a+d —(c-b)
A, == =/ >R .19
1 R BV Ph) (A19)
and
1[a—d —(c+b)
A_== =+ A_R(p- A.20
1 PN BV OB (A20)
and the matrix J is of the form
1 0
J= . A.21
o ) (A21)
The matrices A have positive determinants
sl = 3@ d + (F ) = s >0, (A22)
and
Al =144+ —|A-|=ad —bc= Ay — A, (A.23)
and
TrA=TrA; =a+d=2y/A;cosp, (A.24)
Tr(AJ)=TrA_=a—d=2y/A_cosp_. (A.25)

Applying the decomposition to the ¢-matrix for the Fj, and Gy building blocks, we
obtain,
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Fy. = qi/2R(—7/2) [R(—p% + puf) + R(—pk — p)J] (A.26)
and

\Y
Gk = qv/2R(—7/2) [R(ps — uf) + R(—p§ — py)I] =Fx, k=1,... N
(A.27)

Hence, all the products involve only the rotation matrices R and the J matrix. They
can be readily performed since the properties relate in this way:

R(p1)R(p2) = R(p1 + ¢2),
JR(p) = R(=¢)J,
J2 =1, (A.28)
In this way one can easily construct the products of F’s and G’s and obtain the

o
submatrices M, n to any-order in . In particular, we can derive in this way the results

M = R(u,)

+ ) 1/4g,qs {[R(pe + ph + ply — s — p5) — Rlpe + ply — puly — i + p13)]
1<r<s<N

+[R(pe — pp + iy — 15 — 1) — Rpe — iy — iy — 3 + )13} + -+,
(A.29)
and
N s ™
n= 1/2¢,[R(uz — pi + p — 5) F R(ke — pp —py = )] +--- . (A30)
r=1
Using Equations (A.13) and (A.15), one gets N and 7 matrices by replacing z and y

indices inside of M and n, respectively. Thus the results shown in Equations (2.11)—
(2.20) follow. One can also obtain the 7" matrix by applying the B~! and B matrices
[cf. (2.10)]

T=B1TB. (A31)

A complex notation suggests itself here, since one can associate with the compo-
nents of A4 of matrix A the complex numbers

Ax = \/A:R(px) & /Are %, (A32)
while the J-matrix becomes equivalent to a complex conjugation. The relevant calcu-
lations can thus be performed on the isomorphic complex numbers, before returning
to the matrix notation.®
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APPENDIX B The Universal Parameterization of the Single-Turn Transfer Matrix

It was shown by Edwards and Teng,? and by Talman,? that the single-turn transfer
matrix T can be brought to a quasidiagonal form as follows. If

M n
T = , (B.1)
m N
is 4 x 4 real, C-periodic and symplectic, single-turn transfer matrix, then
A 0
U=R'TR= , (B.2)
0 B
where A, B and R are symplectic and
1
= |
and
d = —L(m +n) (B.4)
t+6 ’
and
1
t= —2—Tr(M - N), (B.S5)
6=+ |m+n)/? = %Tr(A - B), (B.6)
and
1 t
2 __ hd
g —2(1+6). (B.7)

This parameterization of the matrix R is universal in the sense that it holds at any
point of a ring. The 2 x 2 symplectic submatrices A and B can be parameterized in
the usual way:

A=M+(t+68) Y (m+n)m (B.8)

Cos 41 + arp sin g (1 sin pq

, (B.9)

—71 sin g COS (11 — Qv1 Sin py

and similarly

B=N-(t+68)Y(m+n)n (B.10)
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COS U2 + g sin g B2 sin pig

(B.11)

—2 Sin po COS fg — Qg SIn L

where ax, Bk, vk = B; '(1 + o) and iy, are called the “new” Courant-Snyder param-
eters and “new” tunes, respectively.
Using Equations (2.11)—(2.20) it is straightforward to derive the expansions

- %TT(M — N) = (|n| - 2) sin[n (v, + v,)] sinfm(vy — v,)]

1 v @)
+5(dGL + syt doo + dgs) cosln(vs + vy)] sinf(vs — vy)] (B.12)

@ (2) v(2) v(2) .
(d +dgg— doo — dgg) sin[m(vy + vy)] cos[m(vy — vy)] + 0(q"),

and

[+ 1| = [(d$ + d3%)? + (55 + d52)? sin?[m(ve + vy)]

[( (1) (1))2 ( (1) — dggv 2] Sinz[ﬂ'(’/w - Vy)] +0(q4)'
(B.13)

The corresponding expansions of the § and g parameters can be obtained from them.
It follows that, on a resonance y, = p,, the determinant [m + n| is positive, for small
q’s, so the betatron motion can be made stable.
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APPENDIX C Solution of the Equation for o

Using the Edwards-Teng decomposition, Equation (B.2), one may transform the
equation for o,

o=To T, (C.1)

~-1
into the equation for p = R~16 R as follows:

p=Up U= If n], (C2)
n Py
where
U 40 (C3)
“lo B|’ '
and
1 R
R=g Bl (C4)
Ry 1

with R4 p given by Equation (11.49), and g by Equation (11.50), while A and B are
given by Equations (B.8) and (B.10), respectively. Equation (C.2) is equivalent to the
following set of equations for submatrices of p:

~

pz = Aps A, (C5)

py =B py B, (Co)
and

n=An B. (C.7)

Passing to the circular representation, we get

A= B3 R(ia)Ba, (C8)
B = By'R(us)Bs, (C9)

where B4 g and BZ}B are given by the new Twiss parameters, cf. Equation (2.5), and
R(114,B) are rotations.
Equations (C.5) and (C.6) yield for the matrices

wz = Ba pz B3', (C.10)
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and
wy = Bp py Bg', (C.11)
the conditions
wz = R(pa)wz R (1a) (C.12)
and
wy = R(up)wy R (up)- (C.13)

It follows now that both matrices w,, w, are proportional to the unit, since the angles
1a,p are arbitrary. Hence the results

wry=¢€a-1l, wy=¢€p-1, (C.14)

where €4, ep are some non-negative numbers since p, and p, are positive-definite
matrices. As a result, we get from Equations (C.10) and (C.11) the formula

pp = [ fa —QAJ ea, (C.15)

—tA YA

and similarly for p,, with A < B.
The analysis of the Equation (C.7) yields only trivial solutions for n since the
relevant determinant does not vanish; in general

n=0. (C.16)
Having p, one finds o and Equations (11.45)-(11.47).





