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Symplectic Expression for Chromatic Aberrations

Yuji SEIMIYA, Kazuhito OHMI, Demin ZHOU,
John W. FLANAGAN and Yukiyoshi OHNISHI

KEK-Sokendai, Tsukuba 305-0801, Japan

(Received June 27, 2011; Revised April 3, 2012)

Chromatic aberrations characterize how linear optics parameters, including tunes, beta
functions, and z-y coupling parameters, depend on momentum deviation. The definition
of chromatic aberration is based on static or slowly varying momentum deviations. Linear
optics parameters are expanded in terms of momentum deviation; their coefficients are called
chromatic aberrations in this paper. The Hamiltonian and a six-dimensional symplectic map,
which are taken into account in both betatron and synchrotron motions, are reconstructed
using the measured chromatic aberrations. This map can be used to study the effects of
chromatic aberrations in beam-beam, space charge, and electron cloud phenomena.

Subject Index: 600, 630
§1. Introduction

In circular particle accelerators, the synchronous and off-momentum particles ex-

perience different kick strengths in magnetic elements such as dipoles and quadrupoles.

Consequently, the optics parameters such as tune, beta functions, and z-y coupling,
need to be extended to address the chromatic effects. In this paper, the amplitudes
of chromatic aberrations are regarded as the coefficients of power series of the optics
parameters in terms of momentum deviation. In a realistic ring, the optics parame-
ters are measured through beam experiments, in which typically the beam energy is
varied by shifting the RF frequency (for example, see Ref. 1)). Indeed, the optics
parameters are extracted from the measurement of turn-by-turn positions via moni-
toring a kicked beam?-3) at a certain location, for example, at the interaction point
(IP). Further polynomial fitting of the optics parameters in terms of beam energy
gives the amplitudes of chromatic aberrations. Finally, modeling of the optics for
off-momentum particles is done with a symplectic expression in this paper.

Modern storage rings operate under the presence of disturbances caused by non-
linear collective effects, such as beam-beam, space charge and electron cloud. In or-
der to avoid enhancement of such disturbances and thus achieve high performance,
it is essential to control the linear optics parameters. For example, the tuning of
linear optics parameters at the IP is absolutely necessary to achieve a high luminos-
ity in eTe™ colliders, such as KEKB.%-%) Moreover, chromatic aberrations induce
a spread in the optics parameters and thence increase the widths and strengths of
synchro-betatron resonances. It was found that the correction of chromatic aber-
rations led to a significant increase in the luminosity of KEKB, from 1.7 x 103
to 2.1 x 10%* cm~2s71.9:7) Therefore, compressing the chromatic aberrations also
proved to be critically important.
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Correction of chromatic aberrations, though very important practically, is not a
concern of this paper. Indeed, its main purpose is to construct a simple symplectic
map for given chromatic aberrations in a storage ring. The map is constructed by
making use of a quadratic-form Hamiltonian. As has been demonstrated in Ref. 6),
the map is very useful in investigations of the chromatic effects contributing to
complex phenomena like beam-beam collisions. Since the chromatic aberrations
are measurable parameters, this kind of investigations is valuable in evaluating the
degradation of machine performance, such as the loss rate of luminosity of a collider.

The rest of this paper is organized as follows. The fundamental theory and
measurement scheme for linear optics in a six-dimensional phase space are firstly
reviewed in §2. By extending the conventional linear theory to off-momentum par-
ticles, we derive, step by step, the symplectic maps for chromatic aberrations in §3.
As an example of applying the symplectic map, the synchro-betatron resonances in
the KEKB are simulated using a particle-tracking code. The simulation results as
well as comparison with beam experiments are shown in §4. Finally, the whole work
is summarized in §5.

§2. Fundamentals of linear optics theory

2.1. Linear optics parameters

When observed turn by turn at a certain location s of a ring, the physical
coordinates of a particle, x = (z, pz, ¥, Dy, 2,0 )T, are transferred by a 6 x 6 symplectic
matrix Mg(s) corresponding to the linear regime. Here the superscript T denotes
the transpose of a matrix or a vector. The periodicity of the system requires that
Mg(s + L) = Mg(s), where L is the circumference of the ring. The matrix Mg
operates on « and gives

x(s+ L) = Mg(s)x(s). (1)

The one-turn matrix Mg contains 21 independent parameters, i.e. 3 tunes (tzy,. =
27V y,») and 18 linear optics parameters. The subscripts =, y and z respectively
denote the horizontal, vertical and longitudinal motion. The tunes are independent
of s; however, the other linear optics parameters are functions of s. The matrix Mg
can be written in the general form of

Mg = RnM4x2R;1, (2)
where R, is the dispersion matrix defined by

{1 =Ryl /(A +7y0)} 2 RyuSoRY So/(1+140)  Rye
R, = Rn,yS2R£,a:S2/(1 +rno0) 1= |Ryyl/(T+m0)H 2 Ryy |, (3)
SQRZ@SQ SQRg’ySQ Tn,ofg

and Myyxo is a matrix parameterized by Twiss and coupling parameters

My O4x2
Myxo = <02X4 Mz) . (4)
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In the above matrices, the 4 x 4 matrix M4 and 2 x 2 matrix M, represent the linear
betatron and synchrotron motions, respectively. The quantities R, ;, R, S2, and
I5 are 2 x 2 matrices defined by

Rn,i - <g§ Zi) 5 1= x,Y, (5)

s (D) ()

The parameter r, o is defined by r,¢ = \/1 — |Ry 2| — |Ry,yl, and nw,y,ngj,y are dis-
persion functions and their derivatives. The elements of (;, ¢, (, and {1’/ in matrix
R, ; characterize the tilt of the beam, i.e. (zz), (p;2), (yz), and (p,z), respectively.
In the ring, ¢, , and C:/c,y are generated in a RF cavity with nonzero dispersion or in
a crab cavity, and they vary along s.

The betatron matrix is expressed by®)9)

My = RMyyo R, (7)

where the block-diagonal 4 x 4 matrix Mo is the so-called Courant-Snyder matrix
expressed by

(M, 09
Mayxo = (02 My> (8)
with
M — (cos i —|— gi si{n i ﬁl sin u, | ) 7 ()
—7; Sin pu; COS [; — oy sin g,
where ¢ = x,y. The matrix R characterizes the x-y coupling and is defined by
_(rol2 —SgRgSQ
R = <R2 roly (10)

with

(172, (1)
r3 T4
where rg = /1 — ]Rg\.lo) In particular, the matrix Moo is parameterized by two
betatron tunes (v,,1,) and 8 linear optics parameters (oy y, Bz, 7i( = 1,...4)).
Similarly, one can show that xz and u = R™1x 4 are the vectors of the coupled and
uncoupled coordinates, respectively.

The synchrotron motion is described by the 2 x 2 matrix M, in Eq. (4). M, has
the same form as Eq. (9) with 5. = o, L /1., where o, is the momentum compaction
factor. In this paper, the sign of the synchrotron tune is chosen to be p, < 0 for
a, > 0. For storage rings, usually it is true that o, ~ 0 with |u,| < 1.

By comparing Egs. (1) and (2), one can re-express the physical coordinates x

w:Rn<x’8>, (12)

Ls

as®)
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where the coordinates for betatron and synchrotron motions are respectively defined
as Tz = (:cﬁ,pxﬂ,yg,pyﬁ)T and @y = (2s,05)7. It is seen that the matrices My
and My describe the same physical system, except that the coordinates (:rg,ws)T
are transformed into . But the matrix M,xo has a block-diagonal form resulted
from the transformation via R,. Due to this diagonalization, the motions in the
longitudinal and transverse directions are decoupled.

It follows from the above definitions that the synchrotron variables z and § are
expressed by

z = nT5’4wﬂ + 7,025, (13)
6 = —C¢TSyxp + 1,005, (14)

where 9 = (1,15, my.7,)" and ¢ = (G2, ¢}, ¢y, (). As an example, the relative
difference between § and d, is (6 —d5)/6 = 0.15% for the KEKB crab cavity operation
with ¢, = 0.011, horizontal and longitudinal momentum spreads of o, = 10~% and
os = 7x107%. The non-zero vector ¢ is also induced by the RF cavity that is located
in the dispersive section. But generally ¢ induced by a RF cavity is far smaller than
that induced by a crab cavity.

In the literature, the first-order derivative of the tune pu(d) = 27v(d) over mo-
mentum deviation is generally called the chromaticity, i.e.

dv(9)
2 = ¢0) (15)
In principle, the chromaticity is also function of momentum deviation, and its linear
term is £ = £(0). It is natural that other optics parameters related to the betatron
motion, i.e. ((J), a(d), and (), also depend on the momentum deviation. These
parameters may be expanded in terms of the momentum deviation . The coefficients
of this expansion are called chromatic aberrations.

In our scheme, betatron-synchrotron variables (xg,x,) are introduced in Eq.
(12). 65 is more convenient to use than the original momentum deviation § when
discussing symplectic nature. Chromatic aberrations are redefined as the “betatron
optics parameters that are functions of §;”. Note that § = §; when ¢ = 0, or the
difference is small in most of the cases discussed above.

The linear dynamics formalism with 5 variables (z, pz, y, py, 9) is ordinarily used
to introduce the betatron variables and the dispersion. In this ordinary formalism,
energy is constant; the RF cavity is not taken into account. There are discrepancies
between the values obtained by the ordinary formalism and those obtained by our six-
dimensional formalism for the Twiss and dispersion parameters when accelerating
cavities are present in the dispersive section or the crab cavity. There should be
discrepancies between the emittances and chromatic aberrations, which are given by
the integrals of the Twiss and dispersion parameters, of the two formalisms. Needless
to say, those given by the six-dimensional formalism are correct.

Another type of chromatic aberration can be induced if accelerating cavities
are present in the dispersive section or the crab cavity. The physical variables are
expressed by the betatron-synchrotron variables, as shown in Eq. (3), as follows:

T~ xz+ nis + (2. (16)
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The second and third terms on the RHS contribute to the chromatic aberrations for
ds and zs in sextupole magnets. The betatron tune is now expressed by

v(zs,05) = (0,0) + 05 + Er25 + ... (17)

The other betatron optics parameters are also expanded by z; and 5. Although the
extended chromatic aberrations depending on zs are not treated in this paper, it is
possible to apply our discussion to the chromatic aberrations that depend on both
zs and .

2.2. Optics measurement scheme using betatron oscillation

Before derivations of the symplectic map for chromatic aberrations, it is nec-
essary for us to discuss the optics measurement scheme. As stated previously, one
essential advantage of our method is using measurable parameters obtained by beam
experiments. If the beam is kicked in a dispersion-free region, it will oscillate in the
betatron phase space around the closed orbit.

In the experiments, the beam energy is changed by shifting the frequency of the
RF cavity. The closed orbit for the frequency shift Af is given by

Mgz +f==z,  f=1(0,0,0,0 420)7, (18)

where Az = —LAf/(hfp). The quantities fy and h are the RF frequency and
harmonic number, respectively. The shifts of § and J; are given by

Az
5:r%0AZ/(Oép )—7 |:C0t—(’)/$gz+2aacgac<z+ﬂ$ )

+ cot ¥ (’yyCy + QQyCyCy + ﬁy )] , (19)
0y = rn,oAz/(ap ) (20)

where (CJC,C;,Cy,C?’/)T = R7!¢ and 1, are the values at the RF cavity. In most
cases, 10 ~ 1 and the second term in Eq. (19) is small, and then the difference
between § and s induced by the frequency shift is also small. For example of KEKB
(¢z =0.011, B, = 1 m), suppose that r, o = 1, the second term in Eq. (19) is about
1075 times smaller than the first term. Thus, it is fair to assume that § = J,, and
then the tunes and transverse optics parameters, which are measured as functions
of Az/(aypL), can be regarded as functions of ds.

With this simplification, the transfer matrix for the betatron motion is expressed
by

My(ds) = R(ds) exp [Nx(58)S4Ax(5S) + My(55)54Ay(55)]R_1(55)
= exp [M:r(5S)S4R_1T(5S)AI(5S)R_1(53) + My(55)S4R_1T(55)Ay(58)R_1(58)]v
(21)

where A, and A, are symmetric matrices represented by Twiss parameters, i.e.

Y Qg 0y

02 |02
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02 ‘ 02
Ay = 05 Ty Qy
oy [y
Suppose that Af% = R MA;R™! with i = z,y, it can be verified that the Courant-
Snyder invariants are 2.J; = ngZRwﬂ, since there is

(23)

exp (—pa AR Sy — pyAlSs) Al exp (12 SsAL + 11y S4AY) = AfY, (24)

where the relations exp(—fizy Az yS1)Azy = Azy exp(—pig,yS1Asy) and Ay ySiAsy =
AﬁyS4Aﬁy = 0 are used. For the given Courant-Snyder invariants (2.J; ), the phase
space trajectory is expressed by Dirac delta functions, i.e.

5(cc§Afa:5 - 2JI)(5(ng5mﬁ —2Jy). (25)

It is obvious that the above function describes a combination of two ellipses (elliptic
torus) in a four-dimensional phase space.

The easiest way to determine A or AyR is to measure the second-order moment
of the phase space variables. Suppose that a kicker excites the £ mode with an
amplitude J,. The second-order moment of the elliptic trajectory is expressed by

1
<ac/3;c§> =5 j{wﬁxgé(mgAfmﬁ —2J;)dxg (26)

1
=5 j{RuuTRTé('ymxz + 20, 2Py + Bup’ — 2J,)du (27)

™

Bz —Qy 0
=JLR| -ar 22 | RT, (28)
O2x2 | O2x2

The complete form of (wga}g> for x and y modes is given in Ref. 3). In beam

experiments, the second-order moments <w3wg) are extracted from data of beam
position monitors, and thus Twiss parameters contained in A, and R are determined.

§3. Symplectic maps for chromatic aberrations

In most of the following we neglect the chromatic aberrations in the dispersion
matrix and treat the symplectic maps operating on the dynamic variables (zg, zs)”
instead of . To demonstrate our method, we start from discussing a simple case
of first-order chromatic aberrations for the betatron motion in the horizontal plane
in §3.1. Then, in §§3.2 and 3.3, the method is extended to arbitrary chromatic
aberrations for Twiss parameters and for z-y coupling, respectively. An alternative
approach to constructing a symplectic map for chromatic aberrations is discussed
in §3.4. The general expression for the nonlinear dispersion function is addressed in
§3.5.

3.1. Linear chromatic aberrations

The fundamental concept of our method can be elucidated with the simplest case
of linear chromatic aberrations without considering x-y coupling. Suppose that three
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Twiss parameters for the horizontal motion are defined by a first-order expansion in
terms of d, as follows:

Kz = Hz,0 + /Jfaz,l(ssa
ﬁz - /BI,O + ﬁm,lésa
Qp = Qg0+ acc,1637 (29)

where the quantities pi, 1,051 and (51 are the first-order chromatic aberrations.
The extension to the vertical motion can be obtained easily by replacing = by y in
the above equations. For the sake of convenience, however, the subscript x will be
dropped in this subsection and §3.2. Furthermore, the subscripts 3 and s are also left
out of both the betatron variables 3 and the synchrotron variables x, in §§3.1—3.4.

The one-turn transfer matrix for betatron motion has the same form as shown
in Eq. (9), with u, «, and 8 now depending on §. This expression is symplectic for
the x or y motion in its two dimensional phase space, but it is not symplectic in the
six dimensional phase space when synchrotron motion is included. Ideally, the map
for betatron motion can be written as follows:'1)-12)

M(6) = exp [(Mo+u15)52< %1(‘21 5 %gigllg )} (30)

where 7(8) = [14+(ag+a16)?]/(Bo+F16). However, this form is difficult to evaluate in

a symplectic manner. Instead, the J-dependent matrix can be split into the product
of two matrices as follows:

M(8) = M(0) M (5). (31)

The above expression implies that all the chromatic dependences are lumped into
My (6). To find the explicit form of My (d), it is convenient to use a mixed variable
generating function F»'®) defined as power series of momentum deviation.

Truncated to the first order terms of momentum deviation, F5 can be written in
the form of

Fy(w,p,0) = ap+ 26 + H(z, 5,0), (32)
where the quadratic Hamiltonian H; is defined by

azr? + 2bxp + cp?
HI(wapv 5) = 2p P 57 (33)

and the quantities Z, p, Z, and é are the new coordinates after transformation. Since
the generating function should give linear transformation for the betatron motion,
F5 only contains terms of x and p up to the second-order, and the parameters a, b
and c are to be determined later.
Using the generation function F3, the coordinate transformation can be derived
by
OF> OHp

jza_ﬁ:x+a—ﬁ:x+bx5+cﬁ5, (34)
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OB o,

P B =p+ E =p+ard+ bpé, (35)
_ 8F2 8H[ 2 _ _92

z I Z+ o z + (ax® 4 2bxp + ¢p) /2, (36)
§=04. (37)

From the above equations, the new coordinates are transferred by

()-mwo ()

with the transfer matrix of

14 b0 — g b
My (6) = ( PR L (39)
1+b0 1406

Equations (36) and (37) show how the symplecticity condition leads to coupling of
transverse and longitudinal motions.

The next step is to derive the relations between (a, b, c) and (a1, 1, 11) defined
in Eq. (30). Firstly, My () is solved using Eq. (31)

My (8) = M~ (0)M(6). (40)

By expanding the right hand side (RHS) of the above equation in terms of ¢ and
comparing its elements with Eq. (39), the coefficients a, b and ¢ can be explicitly
determined as follows:

.2
Sin
a = ﬂ2,uo [—ﬁl(cot o + o) (1 + ag)
0
+ {—c)q + 1 csc? o + 2ai1 g cot g
+ (a1 + py esc? ,uo)ozg} ﬂo] , (41)
)
Sin
b= ﬁoﬂo [—B1(1+ af) + {1 cot ug
+ (a1 + pa esc® po)ao } Bo] (42)
¢ = [B1cot po — Brag + (ar + p esc® po) Bo] sin? po. (43)

Immediately it is seen that a, b and ¢ are expressed in terms of (g, g, Bo, pt1, @1, 51),
which are measurable parameters as has been discussed in the previous section.

Once the map given by Eqs. (34)—(37) (Mp,) is achieved, one can construct a
one-turn map as follows:

RnOM4><2(O) OMH] OR7717 (44)

where R, is given by Eq. (3). The above map operates on the dynamic variables of
x. The symbol “o” in the above equation indicates an operation of product between
two maps. At this point, the map is not matrix due to Eq. (36). The operation is
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performed from the right to the left. Since the -y coupling is not taken into account,
the coupling matrix R in My (Eq. (7)) is simply a 4 x 4 unit matrix.

Transformation My, is performed using the energy before RF acceleration in
each revolution. The approximation is feasible for a small synchrotron tune; that is,
the energy change in one revolution is small.

The transformation given by Eq. (39) contains higher-order terms in 4, this is
necessary to maintain the symplectic condition in  motion and y motion. It is noted
that if the matrix M (0)Mg(9) is used to calculate the Twiss parameters, it does not
reproduce the definitions of Eq. (29), but contains leakage to higher-order terms in 4.
Figure 1 shows the tune and beta functions as functions of § given in Eq. (39) at the
collision point in the high energy ring (HER) of KEKB, where the Twiss parameters
and their linear chromatic aberrations are ag = 0, fy = 1.45 m, dv/dé = 1.3,
dfB/dé = 45 m and da/dé = —18. The coefficients are (a,b,c) = (5.0, —0.60, 13.0),
(4.3,-1.3,15.0) and (3.6, —2.1,16.0) for vy = 0.505,0.510 and 0.516, respectively. It
is seen that the leakage to nonlinear terms in 0 that appear in Eq. (39) is negligible,
but the beta function exhibits significant leakage when the tune approaches the half
integer (or an integer). This leakage can be improved by taking into account higher-
order terms of ¢ in the generating function or the Hamiltonian, as to be discussed
in the next section.

3.2. Higher-order chromatic aberrations

It is straightforward to extend the method demonstrated in the previous section
to treat higher-order chromatic aberrations. In a general form, the tune and Twiss
parameters are expanded in terms of § as follows:

N
M= po + Z pnd",
n=1
N
B=P0+ Y Bud",
n=1
N
a=ao+ Z and™. (45)
n=1

Mathematically the upper band of summations N can be taken to infinity in the
above equations, however, high-order chromatic aberrations are hard to be measured
accurately. Practically, N = 2 or 3 is the reasonable order to be considered.®)

Following the treatment in the previous section, the chromatic aberrations are
related to the Hamiltonian defined by

_ 219 b H2 _
Hy(w,p,b) = Y PR O o

n=1

(46)

The transformation for the Hamiltonian M (4) is expressed in the same form as Eq.
(39) by replacing ad, bd and ¢ with

ad — Zanén = A,
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Fig. 1. Tune and beta function as functions of § given by Eq. (39) at the collision point in KEK-
HER, where the linear chromatic aberrations are dv/dé = 1.3, df3/dé = 45 m, and da/dd = —18.

b6 — Y bnd" = B,
cd — Z o™ = C. (47)

Consequently, the transfer matrix for chromatic aberrations My (0) is expressed as

L+ B_ AC C
Mpu(6) = ( - a P E) : (48)
18 58

The transformation for z is

Z=z+ Z(ax2 + 2bxp + cp®)nd" /2. (49)

n=1

The relations between (fiy,, Op, o) and (an, by, ¢,) can be obtained by equalizing the
matrices defined by Eqgs. (40) and (48).
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For example, the second-order relations are given as follows:

1
ag = 2—ﬁ2 [2a1b1ﬁg + {(—ag cos2ug + ag + 2u2
0
+ a1 sin 2p0)ag + 2(bF — arcr + pa(ar + )
+ a1 iy €os 21 + g sin 2#0)@0 — g + 29
+ arp cos 240 + 2(b3 + p3 — ajey) cot g
— aipsin2pu0} Bo — 2(B1p1 cos pig

+ B2 sin pig)(cos pug + ag sin o) (g + 1)] (50)

by = {263 + p1(an + pa) + g cos 24

1
20 |
+ g sin 20 + (—ag cos 2 + o + 2p9
+ g sin2pup)ag} Bo — 2(B1p1 cos po

+ Basin uo)(0d + 1) sin juo] (51)

1
2 =5 [2bic1 + Bipn — Baag + a2

+ 24200 + (Brpr + Bacg — az o) cos 2pug
+ (B2 — Brpco + arpa fo) sin 2] - (52)

It is seen that the the above formula contain chromatic aberrations up to the second-
order, although they contain terms of third (and higher) order for §. Higher-order
parameters of (an,by,c,) can be obtained in a similar way, however, they are not
provided here because the expressions are very lengthy.

3.3. Chromatic aberrations related to X-Y coupling

In this section, we take into account the z-y coupling in the betatron motion
represented by the 4 x 4 matrix My. The parameterization of the z-y coupling is
given in Egs. (7)—(11). The matrix M, defined in Eq. (7) should now be regarded as
a function of ¢ such that

My(8) = R(5) Maxa(8) R~ (6). (53)

The momentum-dependent coupling parameters can be expanded as
7“1((5) =Ti,0 —+ Z T'Z‘mdn, (54)
n=1

where the coefficients r; ,, are regarded as the chromatic aberrations for z-y coupling.
With z-y coupling included, the Hamiltonian resulted from the chromatic aber-
rations is expressed as

Hl(x7]39c73/>]5y7 6)
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= Z(anxQ + 2bp, 2Py + P2 + 2dpry + 2e,2P,

n=1
+ 2 fnype + 2gnﬁz]5y + Uny2 + 2Uny]3y + wnﬁZ)S”/Q
= (Ax* + 2Bxp, + Op2 + 2Dxy + 2Exp,
+ 2Fypy + 2GPaby + Uy® + 2Vyp, + W) /2, (55)
where the coefficients D to W have the similar forms as those shown in Eq. (47).
It is obvious that the 10 sets of coefficients a,, ..., w, are related to the chromatic

aberrations o n, Brns fans Qyns Byn, Myn, and 15,, 7 = 1,...,4. The transformation
due to the Hamiltonian is expressed in the same manner as in Eqs. (34)—(37)

j::a:—i—alil =2+ Bx + Cp, + Fy + Gpy, (56)
pac:ﬁx+%=ﬁz+Aa}+Bm+Dy+Eﬁy, (57)
§=y+aa—I£=y+Vy+Wﬁy+Ez+Gﬁx, (58)
py:ﬁy+%%§:ﬁy+Uy+va+Dx+Fﬁm (59)

He
z—z—i—aa—(s—z—i-ﬁz:na 6" 1/2+xpx2nb ot

+px2ncn5” L2 +xyan o erﬁyZnené"_l
n
+ Dzy Z nfn a + pﬂcﬁy Z ngnén_l + y2 Z nungn_1/2
n n n
+ YDy Z nvRd" !+ ]532/ Z nw,d™ /2, (60)
n n

§=24. (61)

The above equations represent an implicit map for the chromatic aberrations, its
explicit form can be found after tedious calculations, resulting in a 4 x 4 matrix of
My (6) as follows:

My =14 B+ CMyo1 +GMpy o,

C-FG+CV

Mpi2 = B T

M3 = F + CMp o3+ GMp 43,
G —-CFE + BG

Mpg4 = %
—A+DFE - AV

My = % ;
1+V

My = ———,

' K
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Mygos = D—Eg—}— DV7
E
Mpos = — e
Mpyzi = E+WMpga +GMpg o1,
Migss = G+ G‘[/(— FW’
M3z =1+V +WMpg43 + GMpg 23,
W — EG + BW
M
My =— ;T_v
e :57 DF — BU
Mp a3 = 1_ ; K — )
Mp 44 = +T’ (62)

where K = (1 + B)(1 + V) — EF. The relations between the Twiss parameters
(an,y ..., ;) and the coefficients (ay, ..., wy,) are determined by

Ma(8) = May(0) M (6). (63)

The left-hand side (LHS) and the RHS of the above equation are expressed using
the Twiss parameters and coefficients of the Hamiltonian, respectively. It is very
complicated to write down the analytical expressions for the relations between the
chromatic aberrations and the coefficients of the Hamiltonian. However, it is easy to
obtain these relationships numerically. Multiplying Eq. (63) with M (0)~!, we have

My (0) " My (6) = My (6). (64)
The RHS of the above equation can be expanded in terms of § as follows:

Mp(8) = My o™ (65)
n=1

The first and second matrix coefficients are

b1 c1 f1 g1

—ai —b1 —d1 —e1
My, = , 66
H1 €1 g1 V1 w1 (66)
—di1 —fi —u1 —un
Mpys =
by — a1 —dig ca —bicr — fig fa—cidi —giu1 g2 —cie1r — givi

—ag +arby +dier  —ba+biterfi  —da+bidi +eiur —ez +bier + ey
e2 —a1gr —diwr g2 —bigi — fiwr  v2 —digi —uwwr  wa —e1g1 — viws
—dy+arfi+divi —fo+bifi+ fivi —us+difi +uvr —v2 +efi + o3
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Note that My 1 contains only first-order coefficients of the Hamiltonian, and the
elements of M2 contains second-order coefficients and products of first-order coef-
ficients. Thus, all coefficients are determined uniquely. The form of Mpg 3 is similar
to that of My 2 but is not shown here due to its huge size.

On the other hand, the LHS of Eq. (64) can be expanded in terms of ¢ as follows:

My(0) " My(8) = I+ Myd™, (67)

n=1

where M,, is numerically defined for the given chromatic aberrations, o n, Be.n, tan,
Qyn, By, Myn, and 7, @ = 1,...,4. The coefficients can be determined order-by-
order. Now, we determine 10 x n independent coefficients of the Hamiltonian Hy
from the chromatic aberrations in tunes, Twiss parameters, and z-y coupling. A
symplectic transformation for the Hamiltonian is obtained from Eqs. (62) and (60)
using the observed or computed chromatic aberrations, oz n, Brns Hans Qyn, Byn,
fyn, and 75, @ =1,...,4. A one-turn map is again obtained via Eq. (44).

3.4. Direct method for chromatic aberrations

In the previous sections, the Hamiltonian is used to construct a perturbation
map for chromatic aberrations. Since the Hamiltonian is written in the truncated
form of power series in terms of momentum deviation, there is leakage in high-order
chromatic aberrations. Actually, the map for chromatic aberrations can be directly
obtained without using either a Hamiltonian or a generating function. This direct
map is also symplectic in the six-dimensional phase space and strictly reproduces
the chromatic aberrations. That is, there is no leakage to higher-order terms in §,
in contrast to what are reported in §§3.1—3.3.

Given that the transfer matrix for the betatron motion depends on ¢, to satisfy
the symplectic condition, the longitudinal coordinate z should be mapped with a
function of the betatron and synchrotron variables as follows:

x = My(d)x, (68)
Z:Z+g(x7pwvyapyvz>5)7 (69)
§=19, (70)

where My(6) will generally have the same form of Eq. (53). Mathematically, the
symplectic map should satisfy the following Poisson bracket relation:

%, 2] = [P, 2] = [9, 2] = [Py, 2] = O, (71)
[z,0] = 1. (72)

Equation (72) requires g to be independent of z, because [z+ g, d] = 1 gives 0,9 = 0.
Equation (71) is expressed in matrix form of

[M4(0)x, z] + [M4(0)x, g(x, Pz, y, Py, 0)] = O. (73)
The explicit expression of the Poisson bracket is

(05 M4(0))x + My(0)S4(0xg) = 0, (74)
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where 8;1;9 - (82397 angv ayga 8pyg)T and

Sy = <%2 &) . (75)

By using the symplectic condition for My, one can obtain the following result from
Eq. (74)
Ozg = M{ (6)S1(05Ma(9))e. (76)

Performing differentiation with respect to ¢ to the symplectic condition for M, leads
to

05(M7 (8)S4M1(0)) = (95 M (6))SaMa(8)
+ M (6)S4(9sMa(9)) = 0. (77)

Equation (77) shows that M} S4(95My4) is a symmetric matrix. Therefore, g is
obtained from Eq. (76) as

g =" MJ (6)S1(85Ma(5))2/2. (78)

The term that depends only on § appears as nonlinear momentum compaction in
the next section.
Here we show the expression for ¢ in more detail. 95M4(d) is given by

D5 M4(8) = d5(R(8) Max2(8)R™1(5))
= 95RMayo R~ + ROsMayo R~ + RMyy 005 R, (79)

where 05 Moy is represented by 05M, . And 05M; ,(6) is expressed by

OsM;(0) =
—Os i sin p1; + Os oy sin p; + ;s ju; cos fi; Os i sin pu; + B;0s i cos pu;
—0s7; sin pu; — ;i Osp; COS i —Os i Sin 1, — Oscu; sin pu; — ;O phi €oS fu; )
(80)
where )
2050004 1 -
R L N S (81)

Bi 37
In the case of OsR, the derivative for rq = /1 — r174 + ror3 is obtained in the same
manner as Eq. (81).

This direct method can be straightforwardly extended to the transfer map for
off-momentum particles between two arbitrary positions s; and so around the ring.
Assuming that the RF cavity is not located between s; and ss, the map can be
written in the form of

x(s2) = My(s2,81,0)x(s1), (82)
2(s2) = 2(s1) + g (w(51), Pals1). y(51),py (51, 2(5),9) (83)
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with g given by
g= :zz(sl)TMA:‘F(sQ, $1,0)S4(0s My(s2,51,0))x(s1)/2, (84)

where My(s2,51,0) = R(s2,0)Maxa(s2,s1,0)R(s1,0)"'. The matrix elements are
written in the form of Twiss parameters and phase advance between s; and s in
terms of the power series of 4.

3.5. Nonlinear dispersion

The symplectic map for nonlinear dispersion can be derived in a similar way.
For the sake of simplicity we neglect the chromatic aberrations in (; ,, {;,y in this
section. It is also assumed that the Oth-order terms of (,, and Cg’w with respect
to d have already been subtracted from «, as shown in §2.1. First we assume that
the nonlinear dispersion contribution is subtracted from the betatron coordinates as

follows:
n=2

where x5, is the betatron coordinate around the d-dependent closed orbit. The
subscript 3 is again used for the betatron variables. From Eq. (85), the related
Hamiltonian is described by

Sy OH, _ > m,om (86)

8mﬁN

The above equation can be integrated over the coordinates to obtain the Hamiltonian
as follows:

Hy = (0, 065 — NP o + Mynlin — MymPy,6x )0 (87)
n=2

This Hamiltonian gives the transformations expressed by Eq. (85) and the following
transformation for the longitudinal coordinate:

Zsy = 2st+ Z(n;,ngﬂﬁzv ~ NPy + ngl;,nyﬁN - nyv”py,ﬁN)mS"—l. (88)
n=2

Suppose the transformation described by Egs. (85) and (88) equals My, , the
one-turn map is now expressed by

RnoMI}}?oMz;Xz(O)OMHIOMHWoRglo:n. (89)

Similarly, the nonlinear momentum compaction can also be introduced in the same
way as the nonlinear dispersion. Suppose that the related Hamiltonian is

(0%
Ho, = —PE0", (90)
n=3

where «, ,, is the n-th order momentum compaction with respect to 6. Then, replac-
ing H, by H, + H,, in Eq. (89) gives the symplectic map including the effects of
both nonlinear dispersions and momentum compactions.
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Fig. 2. Measured vertical and horizontal beam sizes. The red crosses denote the vertical beam
size and the blue crosses denote the horizontal beam size. The vertical beam size around the
non-resonance point is approximately 1.25pum. The vertical and longitudinal tunes are v, = 0.6
and v, = —0.021, respectively.

§4. Synchro-betatron resonances driven by chromatic aberrations
in KEKB

As seen in the previous section, the Hamiltonian related to chromatic aberrations
represents a quadratic form with respect to the betatron variables and a form of
power series with respect to the momentum deviation. The symplectic map derived
from the Hamiltonian clearly indicates the coupling of betatron and synchrotron
motions, and thence synchro-betatron resonances can be studied straightforwardly.
In this section, we compare the measurements with simulations related to synchro-
betatron resonances in KEKB.

In the KEKB, two types of measurements were performed to study chromatic
aberrations. One was a beam size measurement versus transverse tune. The second
was the measurement of chromatic aberrations at the interaction point using turn-
by-turn data obtained with beam position monitors.

The beam size is measured with a synchrotron light monitor using an interferom-
eter.' Figure 2 shows the transverse beam size versus the horizontal tune measured
on May 16, 2008 for v, = 0.6 and v, = —0.021. Several peaks can be observed in the
figure, and their positions are shifted as v, was varied. This indicates that the peaks
corresponds to the linear z-y coupling resonance and its synchrotron sidebands. This
measurement confirmed the existence of remarkable chromatic aberrations in KEKB
optics. Similar measurements were also performed at CESR.!?)

The chromatic aberrations for optics parameters at the interaction point are
measured using turn-by-turn data obtained with beam position monitors located
on both sides of the interaction point (s = £0.7 m) for various values of beam
energy.?)®) They are measured in a single-bunch operation without collisions. Table
I lists the values of the chromatic aberrations measured on May 26, 2009. It is difficult
to precisely measure the vertical Twiss parameters (3, o) at the interaction point;*)

*) The vertical beta function at the interaction point is determined by By = (Bym —
/B2, —4s2)/2, where ., is the beta function of the monitor. The beta function at the in-
teraction point 3, is given by the difference between two large values.
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Table I. Chromatic aberrations in linear optics parameters measured at the KEKB interaction
point; the values for a, and 3, were obtained by SAD using the design lattice.

Ba az  |By(SAD)| ay (SAD) Vg vy 1 ) T3 T4
5% 1.31 | 0.00482 [0.00590[3.81x10~°] 0.526 | 0.588 0 0 0 0
51 0.890 5.46 | -0.109 22.2 1.60 4.75 1 0.0235 | -0.737 | -38.8 -84.0
57[2.12x10%1-2.56x10%] 6.06 |-1.58x10%| 112 52.1 263 -235 [2.33x10%*}-1.26x10*
5%F2.50%10°/9.67x10°] -0.659 | -58.3 [2.38x10%11.54x10%2.64x10%2.48x10%-7.65x10°5.48x10°

Table II. Coeflicients of the Hamiltonian obtained by the method described in §3.3 using the chro-
matic aberrations in Table I for v, 0 = 0.526 and vy,0 = 0.588.

a b c d e f g u v w

5t7.51] 0.902 13.5 25.1 -0.160 -57.6 -0.404 [0.543x10*| 15.0 0.164
521392 -339 [0.131x10%0.238x10°] 85.3 |0.157x10°] -145 [0.216x10° 406 4.11
53]-361[0.110% 10°0.806 x 10°]0.193x 107]0.370x 10°0.208 x 10%]0.256 x 10°-0.173 x 10¥]-0.387 x 10°[ -430

therefore, the values computed by SAD') for the design lattice were used. These
values changed after every optics correction (performed after each machine break,
which occurs once in two or three weeks) and every beam tuning of optimizing the
luminosity (performed day by day).

The coeflicients of the Hamiltonian H; for the chromatic aberrations are calcu-
lated up to the third order using the method described in §3.3, and the values are
listed in Table II.

The synchro-betatron resonances caused by the chromatic aberrations were stud-
ied using the symplectic map expressed by the Hamiltonian H;. A particle-tracking
code based on the formalism described in §3.3 was written and used to track par-
ticles in the presence of the measured chromatic aberrations. In the simulations,
1000 macroparticles are initialized with a Gaussian distribution in which the initial
size is given by the emittance and linear optics parameters, where the horizontal,
vertical, and longitudinal emittances are e, = 1.8 x 107% m, €y = 1.8 % 10719 m
and €, = 4.9 x 107% m, respectively. The macroparticles are tracked with radiation
damping (4000/2000 turns in transverse/longitudinal directions, respectively) and
excitation. The equilibrium beam sizes in the horizontal and vertical planes are
obtained by taking the average of the particle coordinates after 30,000 turns.

The horizontal tune is scanned in steps of Av, = 1.4 x 10™* at a fixed vertical
tune v, = 0.588; the coefficients in the Hamiltonian H; are kept constant during
the tune scan. We also assume that the Oth-order x-y coupling parameters vanish
because they are optimized during the daily operation at KEKB. Figure 3 shows the
resulting beam sizes normalized by the unperturbed beam size. Dispersion is not
taken into account in this simulation, that is, ;) = Is. It is seen that several peaks in
the beam sizes are observed in the figure. They correspond to the synchro-betatron
resonances generated at fv, + mv, + nv, = Integer, with £, m, and n integers.
Each resonance is characterized by the values of (¢, m,n), and the peaks from left to
right in Fig. 3 correspond to the following resonances: (2,0,1), (1,—1,-3), (1,—1,—2),
(1,-1,-1), (1,-1,0), (1,—1,1) and (1,—1,2). At the resonance of 2v, + v, = Integer,
both the horizontal and the vertical beam sizes increase. Essentially, these reso-
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Fig. 3. Simulated vertical and horizontal beam sizes versus unperturbed horizontal tune, obtained
using coefficients up to the third order in the Hamiltonian. Vertical and longitudinal tunes are
vy = 0.588 and v, = —0.021, respectively.

nances cause the horizontal beam size to blow up. The vertical beam size increases
because of the nonlinear z-y coupling due to the chromatic aberrations. At the syn-
chrotron sideband resonance of the x-y coupling, the vertical beam size increases
but the horizontal beam size decreases. These behaviors qualitatively agree with the
measurements shown in Fig. 2. It is also noted that the width of the simulated peak
is narrower than that of the measurement result. There are various uncertainties in
the beam measurements, such as higher-order optics and measurement conditions.
For example, the beam size measurement took around 1 min at each frequency, so
the tune drift may affect the measured spread.

The damping time of the betatron oscillation has been measured to be 2000—4000
turns, which is consistent with the radiation damping time given by SAD. The cor-
responding tune shift is less than 0.0005. The nonlinear terms in the Hamiltonian
such as z™y"™ with m 4+ n > 4 are estimated to be very small at KEKB, thus their
effect on the tune spread should be negligible. The spread of the sideband can be
induced by higher-order nonlinear terms, such as ™y™J. Linear z-y coupling is con-
trolled at the operating point around (v, v,) = (0.51,0.56) but not at other points
in the tune scan measurement. Ambiguity in the measurement, linear z-y coupling,
or nonlinear chromatic coupling are plausible explanations for the width discrepancy
in the present result.

§5. Conclusions

Chromatic aberrations characterize how the linear optics parameters of betatron
oscillation vary under slow synchrotron oscillation. In most circular accelerators,
the optics parameters depend only on the momentum deviation §. The transverse
oscillation, which depends on §, produces (because of betatron oscillation) an effect
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in z, which is a canonical conjugate of 6. Both the transverse oscillation and the
effect on z maintain symplecticity in a six-dimensional phase space.

In this paper, we have discussed the symplectic expressions for chromatic aber-
rations. The main properties of our method are summarized as follows: 1) It utilizes
the measurement of optics parameters as power series of the momentum deviation; 2)
It assumes that the Courant-Snyder formalism can be extended to the off-momentum
particles; 3) The revolution matrix in the four-dimensional betatron phase space can
be written in the form of power series of the momentum deviation; 4) The symplec-
tic condition is enforced and thus the one-turn symplectic map is constructed in the
six-dimensional phase space.

Using two methods, the six-dimensional symplectic map is obtained from four-
dimensional revolution matrix. The first method is based on a Hamiltonian formal-
ism using the generating function, which yields six-dimensional canonical transfor-
mations. The second method is based on matrix transformation with an additional
longitudinal transformation so as to retain the symplectic condition. These methods
can be applied to construction of symplectic maps between two arbitrary locations
in a ring.

Contemporary circular machines are equipped with many turn-by-turn moni-
tors. The Twiss parameters and phase advances can be measured at many places
in the ring; therefore, transfer maps with chromatic aberrations can be obtained at
the places. These methods can treat extended chromatic aberrations, i.e. the optics
parameters in the betatron matrix My(z,d) are functions of both momentum devia-
tion and longitudinal position. For instance, the first method can straightforwardly
treat My(z,d) up to a second-order polynomial of z and §.

The symplectic map can be used in six-dimensional particle tracking simula-
tions for purpose of studying the influence of chromatic aberrations on synchro-
beta resonances with beam-beam, space charge, impedance effects, and so on. The
synchro-beta resonance case was studied to demonstrate the capability of the ob-
tained symplectic map. Results of particle tracking simulation using the symplectic
expression were compared with beam size measurements in tune space. Simulation
results qualitatively agreed with the measurements of resonance behavior.
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