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Measurement of Coupling Resonance Driving Terms with the AC Dipole

Ryoichi Miyamoto
October 27, 2010

Abstract

Resonance driving terms for linear coupled betatron motion in a synchrotron ring can be determined from cor-
responding spectral lines of an excited coherent beam motion. An AC dipole is one of instruments to excite such a
motion. When a coherent motion is excited with an AC dipole, measured Courant-Snyder parameters and betatron
phase advance have apparent modulations, as if there is an additional quadrupole field at the location of the AC dipole.
Hence, measurements of these parameters using the AC dipole require a proper interpretation of observed quantities.
The situation is similar in measurements of resonance driving terms using the AC dipole. In this note, we derive an
expression of coupled betatron motion excited with two AC dipoles in presence of skew quadrupole fields, discuss an
impact of this quadrupole like effect of the AC dipole on a measurement of coupling resonance driving terms, and
present an analytical method to determine the coupling resonance driving terms from quantities observed using the
AC dipole.

1 Introduction

An AC dipole is one of instruments, such as a kicker dipole magnet, to excite a coherent beam motion in a synchrotron ring
[1]. Observations of the excited coherent beam motion with beam position monitors (BPMs) allow prompt measurements
of beam optical parameters in the ring. Optical parameters which can be measured in this way are not only standard
Courant-Snyder parameters and (betatron) phase advance. Resonance driving terms due perturbative fields can be also
measured from spectra of the coherent beam motion [2].

The motion excited with an AC dipole, referred to as “driven (betatron) motion”, is not completely identical to the
normal betatron motion, referred to as “free (betatron) motion” in contrast to the driven motion, in the same ring [3, 4].
The difference can be interpreted as an additional quadrupole field at the location of the AC dipole and the driven
motion is parametrized with a new set of Courant-Snyder parameters and phase advance [5]. In presence of the AC
dipole, the modes driven by perturbative fields are also altered [6, 7]. In this note, we derive an analytical expression
of coupled driven motion excited with two AC dipoles in presence of weak skew quadrupole fields and demonstrate that
the motion can be parametrized with a new set of coupling resonance driving terms (CRDTs), similar to the case of the
one-dimensional driven motion. We also present an analytical procedure to determine the normal CRDTs for the free
motion from the new CRDTs for the driven motion, which are the quantities directly measured by observing the driven
motion.

2 Review of Basic Concepts
In this section, we review a few basic concepts and establish notations used in this note.

2.1 Complex Representation of Phase Space

In this section, we review a complex representation of phase space used in this note. Equations of motion for two-
dimensional betatron motion are given by

d?z _ ABy(x,y,s)
d*y _ ABy(x,y,s)
d52 + Ky(s)y - (Bp) ’ (2)



where s (—0o < s < 00) is longitudinal coordinate, K, (s) and K, (s) are effective gradients, AB,(x,y, s) and ABy(z,y, s)
are perturbative magnetic fields, and (Bp) is magnetic rigidity. When we consider turn-by-turn motion of a beam observed
at a fixed location in a synchrotron ring, it may be convenient to rewrite the longitudinal coordinate s with number of
revolution n, circumference of the ring C, and a parameter 5 (0 < § < (') denoting the location of the observation:

s=nC+35. (3)

Mathematically, n is the largest integer smaller than or equal to s/C and 3 is the reminder of s/C. By using n and 3,
the solutions of Equations (1) and (2) are occasionally written as x(n;3) and y(n; 3) instead of z(s) and y(s) in this note.
A periodic function of s such as K, (s) obviously satisfies K,(s) = K,(5). The well known solutions of the homogeneous
parts of Equations (1) and (2) are [8]

2V B (5) cos2mvzn + 1y (5) + &s) (4)
vV By(8) cos2muyn + 1y (5) + &y ] (5)

and their slopes are

o/(1:5) =~ sl + 62(3) + 0] - 22 coslamn + 4 (9) + 6. ©)
y'(n;3) = — Ay — sin[27v,n + 1y (5) + ¢y — M cos[2mvyn + ¥y (5) + ¢y] (7)
ﬁy S 5y 3)

where the prime denotes derivative with respect to s, A;, Ay, ¢., and ¢, are constants of motion, 5,(5), 8,(5), a(5),
and «,(5) are Courant-Snyder parameters, ©,(s) and ,(s) are phase advances from s = 0 to s, and v, = ¥,(C)/27
and vy, = 1, (C)/2m are betatron tunes. The phase advances from an arbitrary point s; to the other s, are denoted by
¥y (s2,51) and 1, (s2,s1). The phase space positions of these solutions can be expressed in compact forms in complex
representations & = x + i[a, (5)x + B,(5)2'] and § = y + i[ay, (5)y + By (5)y']:

B(n;5) = Apr/ By (5)e Friven—ive(s)=ide (8)
n55) = Ay By e s i o

We use symbols 2" (v;5) and % (v;5) for Fourier components of Z(n;3) and §(n;5) with tune v. We can choose the
normalization of the Fourier Transformation so that

2 (—vy; 8) = Aw\/BI(E)e_w’(g)_M’w (10)
Y (—1y;5) = Ay\/ By (5)e v 0w (11)
Because BPMs can measure only positions, z(n;3) and y(n; §), and not slopes, 2'(n;5) and y'(n; 3), we have to use

two adjacent BPMs to construct phase space at one BPM location [9]. We consider two adjacent BPMs located at §;
and Sy. From Equations (4), (5), (6), (7), (8), and (9) the following equalities hold:

z(n;81) = ; e=(52:51) (- 5,) — 51(51)1, n: 3§
(n;51) i sin[thy (52, 51)] l (n;51) 5. (52) (n; 2)] (12)
J(n:51) = ; ey (52:51) (12 5, ) — ﬁy(§1> .
g(n; 51) T sin[g, (32, 51 [ y(n;51) By(Ez)y( ; 2)1 : (13)

We note that the phase advances 1, (52, 51) and 1, (52, 51) and the ratios of the S-functions 5, (51)/8.(52) and 5,(51)/8y(52)
can be measured with these two BPMs. With these equations, the complex phase space position at the locations of BPMs
can be constructed for every revolution.

2.2 Uncoupled Driven Betatron Motion

In this section, we review properties of the uncoupled driven motion excited by two orthogonal AC dipoles. When
a perfectly uncoupled ring has one horizontal and one vertical AC dipoles, where the horizontal (vertical) AC dipole



produces a vertical (horizontal) field and excites a horizontal (vertical) motion, the equations of motion are given by

b + K, (5)z = fm:gooﬂh(;(s — 5, —mC) cos(2mvy pm + ¢p) (14)
Py g sy = EOO 0,0(s — 5 C) cos(2 1
@4_ ,(3)y = — 2 b0(s — 5y —mC') cos(2mry ym + ¢y) , (15)

[199%2)

where §(s) is Dirac’s delta function and the subscripts “h” or “v” indicate that the parameter is related to the horizontal
or vertical AC dipole: 6, and 6, are deflection angles of the AC dipoles, 5, and 5, (0 < 53,5, < C) are locations of the
AC dipoles, vy j, and vy, are driving tunes of the AC dipoles, and ¢, and ¢, are constant phases of the AC dipole fields.
The minus signs on the right-hand-sides are a mere convention. When the deflection angles of the AC dipoles, 0}, and 6,
are adiabatic parameters, the particular solutions of these equations are given by [3, 4]

h\/ Bz Sh

z(n;5) = 4sm[ Von—02)] \/7cos 270+ U (5, 5) + (Vo — V2 )sgn(5 — 5n) + o]
~ Zsm| \{yﬁ% VB (5) cos[2mve nn — 14 (5, 54) + (Ve + va)sgn(5 — 51) + on) (16)
and
y(n;5) = 4515[ Tvy) VB (5) cos[2mvy wm + 1y (5, 5,) + T (10 — 1y)sg0(5 — 50) + o]

0,+/B,(5
v ﬂy ») \/ ) cos 27wy o —

 4sin|r (V0 + vy)]

Yy (3, 8y) + (V0 + vy)sgn(s — 5,) + ¢o) (17)

where sgn(s) = s/|s| is sign function. In the complex representation discussed in the previous section, the solutions are
given by

On/ Bz (5n) \/75 =271V, n =1y (5,5n ) =TI (Ve h—Va )sgn(5—51) —idn

4sin|m (Z/J h—

Z(n;s) =

hV Bz Sh / 271'zu1 wn—ig (3,50)+ (Ve n+Vz)sgn(5—35p ) +idn (18)

B 4sm[ (Va,h + Vz)]

and

g(n7 §) _ 0. vV ﬂy s“ \/7— —2Tivy oy n—11)y (8,5, ) —Ti(Vy, 0 —Vy )SEN(5—5, ) — i,

 4sin[r(vy.

0 v\ By SU \/7 2Ty N1ty (5,5, )+ Ti(Vy, o +1y )sgn(5—35, ) +idy, ) (19)

B 4sin[m(vy,o + vy)]

The two terms in Equations (16), (17), (18), and (19) represent modes of difference and sum resonances driven by one
AC dipole. We note that the modes of the difference and sum resonances rotate in opposite directions in the phase space.
Equations (16) and (17) can be written in simpler forms if we introduce new optical parameters for the driven motion,

Ba:,h(g)v By,v(g)a ax,h(g)a ay,v(g)a ww,h(SQ; 81), and "/}y,v(s%sl)a [5}

x(n;3) = Amwh\/MCos[%rl/z’hn + Y 1(5, Sn) + onl (20)
y(1n;5) = Ay /By (5) cos[2mvy on + Py (5, 5,) + ¢ (21)

and, then, the slopes are given by
2 (n;5) = ———2"  sin[2vp 40 + Py (5, 51) + Gn] — Arn(5) cos[2mvy pn + Vu 1 (5, Sp) + én) (22)

\V /BZL’ h(S) Bz,h(g)

Ay A, oy o(5
- sin2mvy, o1 + ¥y, (5, 50) + do] — M

V== By ()

cos[27vy o1 + Yy (5, 5y) + &0, (23)



where A, , and A, , are constants of motion:

» = Ty VB0 = A (24)

Ay = Tty VA=), (25)

On = Vg p — Vp and §, = 1y, — 1, are small parameters typically on the order of 0.01 or maybe less, and A, and X, are
other small parameters describing the ratios of magnitudes of the difference and sum resonances:

Az

A\ = S%n[w(yx,h — )] (26)
sin[m (v, n + V)]
)\v _ S?n[ﬂ'(l/y,v Vy)] . (27)
sin[m(vy, + vy)]
The new optical parameters of the driven motion are related to the corresponding parameters of the free motion by
B 14+ A2 — 2\, cos[2W, (5, 55 ~
Bon(5) = LE AR P c2Va5, 50l () (25)
1-X
1+ 22 —2)\,cos82V,(5,5,)] ,
() = SR Bl (5) (29)
U
1422 —2) 20, (5,5 2\, sin[2W,.(5, §
un(5) = + Az hcosz[ (s sh)]ax(g) 2\ sin 2(5 )] (30)
1-A; 1-X;
1+ A2—2),c08[2,(5,5,)] . 2\, sin[20,(5,5,)]
y0l5) = % o) ~ (31)
and
_ 14+ A _
tan[U, 1 (5,5,)] = T, tan[¥ (3, 5p)] (32)
14Xy o
a0y (5,5,)) = 15" tanl0 (5,5, (33)

where U, (52,51), ¥y (52,51), Y3 n(52,51), and ¥, ,(52,5;1) are shorthand notations of

U, (82,51) = (52, 81) — mvzsgn(52 — 51) (34)
U, (52, 51) = ¥y (52, 51) — mrysgn(ss — 51) (35)
o n(52,51) = tho,n(52, 51) — T psgn(sy — 51) (36)
U, (52,51) = ¥y (52, 51) — vy »5gn(52 — 51) - (37)

The arguments of the phases ¥, (52, 51), ¥y (52, 51), ¥y n(52,51), and ¥, (52, 51), §1 and 52, must be in the range between
0 and C' unlike those of ¥, (s2, 51), ¥y (52, 51), Y n(S2,51), and ¥y, ,(s2, s1) can be any real number. As the case of the free
motion, v, p and ¥, p(s2,s1) satisty vy = Ve n(s+ C,s)/2m and v, and ¥y (2, s1) satisfy vy, = ¥, (s + C,s)/2m.
Equations (28) and (32) and Equations (29) and (33) can be combined into the following complex forms:

//Bw7h(§)e_i‘l’z,h(§7§h) — ]igi(i)? I:e_i\ljz(gagh) _ )\hei\ljz(gvgh)} (38)
h

/ﬁym(E)B_Ny‘“(g’g“) _ fi(f\)z {e—ixlly(g,gv) _ )\er-"(g’g“)} _ (39)

These equations can be generalized into

/ﬂm’h(go)ei\llz,h(E,Eo) — {ei[wz,h(§,§h)7ww(§,§h)] _ 9 Sin(wdh)ei[\llz,h(§,§h)7\11x(§,§h)]@(S—O; 5, gh)} fz(g)(\)z i (5,50)
— ‘h

— {aneten G e gisin (el (5504 ¥ (I 5, 5) fw(i()ge—m(ago) (40)
— h



and

/By o (5o)e Vv (E:50) = {ei[wy,l,(g,gl,)—wy(g,gv)] — 2isin(nd,)elVue (350 G50l g (g 5, gv)} ﬁy(go)ei%(igo)
0 (5,504 (5.5 VY 50l (0 5 5. Lo | Pu50) i (s 0)
Ayett¥y: v — 2isin(nd,)e' Py O(5055,80) (4| T —5€ Y (41)

where 59 (0 < 59 < C) is an arbitrary location and O(s; s2, s1) is a rectangular function defined as

) 1 (s2 > 5> 1)

—[sgn(s2 —s) +sgn(s —s1)] =14 —1 (s1 >85> s9) . (42)

O(s;59,51) = 5

0  (other cases)

These two equations are used in Section 3. Equations (20), (21), (22), and (23) indicate that the optical parameters
measured directly from an observation of the driven motion are B, n(5), Byv(5), @z n(5), ayv(5), ¥z n(52,s1), and
hyv(52,51). To determine the optical parameters of the free motion, we need to use Equations (28), (29), (30), (31),
(32), and (33) with these measured S5, 1(5), By.v(5), un(5), ayv(8), Yy n(S2,81), and ¢y ,(52,s1). These apparent
modulations of the optical parameters are due to the sum resonances (assuming the difference resonance is dominant),
whose modes rotate in the opposite direction compared to the modes of the difference resonances. We may see that,
when rewriting Equations (16) and (17) into (20) and (21), the terms of the sum resonances are absorbed into the new
optical parameters. The sum resonances become negligible compared to the difference resonances in the limit 6, d, — 0.
Then, from Equations (28), (29), (30), (31), (32), and (33), B4,1(5), Byv(5), czn(5), cyv(5), Yu.n(52,51) and 9y (52, 51)
converge to 3,(5), By(5), ax(8), ay(5), ¥z (52,51), and v, (52, 51). However, it may be hard to achieve this limiting case
in a real ring, particularly in a hadron ring. It has been shown that these modulations of the optical parameters are
equivalent to the case when thin quadrupole fields, which change the tunes by J; and J,,, are inserted at the locations of
the AC dipoles [5].

Equations (20), (21), (22), and (23) also indicate that complex representations of the phase spaces suited to the driven
motion are not & = x + ifa,(5)r + B4(5)2'] and § = y + ilay (5)y + By (5)y'] but &), = = + iag n(5)x + Ben(5)x’] and
Uo =Y +i[ay o (5)y + By v(5)y]. In these representations, phase space positions of the driven motion are given by

Zp(n;s) = Az h\/BIT —27iVe, n—iz,n (5,850) —idn (43)
Uo(n; §) Ayv\/T —2mivy wn—ity o (5,50) —idy (44)

The relations of the complex representations between & and T, and between y and g, are given by

- 1 ﬁwh(g){ i (5,50) T (5,50)] (W (5,50) + T (5,5)]
Zp = UAS e~ UWa,n(5,5n 3,8 Z‘—‘y—)\hel 2,h (5,5 5,5n *} (45)
1= X B.(5)
~ L ﬁyv(g){ —i[ Ty 0 (5,50)— Wy (5,50)] —i[0y (5,5 5,50)] -
Yy = s (5,80 5,5y )\U Z[ y,v(svsv)+‘l’y(svsv)] *} 46
PN e y e / 16)

For the driven motion, the complex phase space positions constructed with two adjacent BPMs are also 7, and g, instead
of # and g. Similar to Equations (12) and (13), the following equations hold:

5 o) — 1 g, n(52,51) e Bm,h(gl) L
(5 = T (G2, 5] [e T8 = () ) (47)
U 2 5.) = ; ithy o (52,51) L) ﬁ1 ,U(gl) _
Yo (TL, 51) - iSinW)y,v(E% 51)} [6 y(na 81) ﬂ:,v(§2) y(n 52) . (48)

2.3 Coupled Free Betatron Motion

The first order effects of skew quadrupole fields on the betatron motion can be calculated in various ways. As we see in
the following, the skew quadrupole fields behave like AC dipoles on the first order and one way to calculate their effects
is to use this analogy. In this section, we present a solution to calculate CRDT based on this analogy. A similar solution
can be applied when we calculate the effect of the skew quadrupole fields on the driven motion in the next section.



When a ring has N thin skew quadrupole fields at locations 5; (j = 1--- N) and their effective strengths are x;, where

1 0Bi(z,y,5;)
Kj = x (length of the field), (49)
! (BIO) Ox r=y=0
from Equations (1) and (2), the equations of motion are
de [~ o] i
72 + K, (3)x = Z Z kjo(s —5; —mC)| y (50)
j=1m=—cc
d2y [N 00 i
T2t K,(3)y = Z Z ki0(s —5; —mC)| . (51)
j=1m=—o0

We solve these equations by expanding the solutions according to the order of the skew quadrupole fields:

z(s) = 2O(>s) + 2 (s) 4 - - (52)
y(s) =y () +yM(s) -, (53)

where the superscripts denote the orders. The leading order solutions, m(o)(s) and y(o)(s)7 are obviously Equations (4)
and (5). The equations to determine the first order solutions, (") (s) and y™)(s), are given by substituting Equations
(4), (5), (52), and (53) into Equations (50) and (51):

d?z!) L0 | )
W+ , = Z Z kjo(s —5; —mC)| y*(s)

N o)
Z Z vV By(55)0(s — 55 — mC) cos[2mvym + 1y (55) + ¢y) (54)

and

N o)
— Z > Aurj/Ba(55)8(s — 55 — mC) cos[2mvam + 1 (55) + ¢a) - (55)

Comparing these equations to the equations of motion when there are AC dipoles, Equations (14) and (15), we may
see that each skew quadrupole field acts like an AC dipole. Hence, the contribution of the jth skew quadrupole field to
(M (s) is given by simply replacing 6y, 5, Vg h, and ¢p with [—Aykj\/By(5;)], 55, vy, and [y (5;) + ¢,] in Equation
(16). Similarly, the contribution of the jth skew quadrupole field to y (s) is given by replacing 6,,, 5., vy, and ¢, with
[—Aukin/B:(5,)], 3j, v, and [¥,(5;) + ¢,] in Equation (17). The first order solutions, (!)(s) and y*)(s), are linear
superpositions of such contributions from each skew quadrupole field. After some algebraic calculations, the first order
solutions in the complex representation are given by

j(l)( . —) _ QiAyf_ (5) ﬁx(g)efQWiuynfiwy(g)fid@ + 2iAyf+(§) Boc( ) 2mivy ity (8)+igy (56)
~(1)( ) _ 2214 f ( )\/me_%i””"_w“(g)_w“ + 2iA:cf+(§) \/meZWi”I"+i1/’w(§)+i¢l , (57)

where f+(5) is a CRDT defined as

1 N

8isin[m(vy F vy)] =

f£(3) = K3V Ba(55) By (55) e e (H3) T (5] (58)

This derivation assumes that the effective strengths of the skew quadrupole fields, ;, are adiabatic parameters. In other
words, Equations (56) and (57) are steady state solutions. If the strengths of these skew quadrupole fields are suddenly



turned from zero to finite values or when a beam is injected to the ring, additional transient modes are also excited.
Similar to the parameters A;, and A, for the driven motion in Equations (26) and (27), we define a parameter for the
ratio of magnitudes of the difference and sum resonances:

_sinfr (v, — vy)]

osin[r(ve +vy)] (59)

In the following, we assume that fractional parts of the horizontal and vertical tunes are close to each other and |\.| < 1.

The CRDTs at the location of one dual-plane BPM, s, are determined from Fourier components of the turn-by-
turn motion observed by this BPM. The Fourier components corresponding to the leading order modes, 2 (—v,;5)
and % (—v,;§), are already given in Equations (10) and (11). From Equations (56) and (57), the Fourier components
corresponding to the first order modes are

X (—vy;8) = 2iA, f—(5)\/Bu(3)e~Wv(D 7%y (60)
2 (vy; 5) = 2iAy f1.(5) /Br(g)ewy(g)”% (61)
Y (—1y;5) = 2iAg f* (35)\/ By (5)e W= (5)=id= )
Y (va; 8) = 2i A fy (5)\/ By(5)e Ve Hids )

From Equations (10), (11), (60), (61), (62), and (63), f+(5) are given by

1 [BE ¥ uss) 1 [B,6) 2 (-1i9)

1-(5) = =2i\| By(5) Z*(—vs; ) 20\ B.(3) Y (—vy; §) (64)
L [Be(5) F(vas) 1 [By(5) X (1ny:8)

J+(3) = 2i\| By(38) Z7*(—ve;3) 2 Be(3) #*(—vy; 8) . (65)

If the horizontal and vertical pick-ups of the considered dual-plane BPM have a calibration error, it affects inversely to
the first and second expressions of f+(5). Hence, to cancel the potential calibration errors, we usually take the square
average of the first and second expressions when calculating amplitude of f4(5) [10]:

—Vg; 8) 2 (—vy; 8)
\/«% —1z; 8)Y (—1vy; 5) (66)
0= 1 5

When f+(5) at two BPM locations 5§, and 52 (51 < 52) are known, we can get an information of the skew quadrupole
fields located between these two BPMs from the following equation [11]

ei[wz(§2)¢¢y(§2)]f¥(52) — et i[Ya (51)Fy ( 51)]f Z R /61 Z[wac 55)F Yy (5;)] . (68)

S1<SJ<82

3 Coupled Driven Betatron Motion

In this section, we derive an expression of the coupled driven betatron motion, excited with two AC dipoles under the in-
fluence of skew quadrupole fields. Similar to the case of the uncoupled driven motion in Section 2.2, which is parametrized
with the modulated Courant-Snyder parameters and phase advance, the coupled driven motion is parametrized with mod-
ulated CRDTs. The procedure to calculate the first order effects of the skew quadrupole fields on the driven motion is
almost identical to that on the free motion in Section 2.3. From Equations (14), (15), (50), and (51), equations of motion
when there are horizontal and vertical AC dipoles and skew quadrupole fields are given by

d2$ B I N e B i e B

T2 + K, (3)x = Z Z kjo(s —5; —mC) |y — Z 01,6(s — 5, — mC') cos(2mvy ym + ¢p,) (69)
j=1lm=—occ m=—oo

d2y I N e i o0

] + K, (5)y = Z Z kjo(s —5; —mC)| x — Z 0,0(s — 5, — mC) cos(2mvy ym + ¢y) . (70)
j=1m=—o0 m=—00




As we did in Section 2.3, we solve these equations by expanding the solutions according to the order of the skew quadrupole
fields. The leading order solutions, z(9)(s) and (%) (s), are already given in Equations (20) and (21). Then, the equations
to determine the first order solutions, z(!)(s) and y(*(s), are given by

REASY

N e
752 + K, (5)zM = Z Z #j0(s —5; —mC) |y (s)
S =1 m=

N [e)
Z Z Ay ki Byw(55) 0(s — 55 — mC) cos[2mry, ym + 1y (55, 50) + ¢y (71)

j=lm=—o0

and

a2y I RS . (0)
i + K, (5)y" = Z Z kj6(s —5; —mC)| % (s)

N [e]
= Z Z 2.0k V B, (55) 0(s — 55 — mC) cos[2mvg pm + Vg 1 (55, 5h) + ¢n] - (72)

These equations can be solved in the same way as we solved Equations (54) and (55) by replacing the corresponding terms
in Equations (16) and (17). After some algebraic calculations, the first order solutions in the complex representations
are given by

i“(l)(n; §) _ QiAy,vf—,v(g) Bl‘(5)6727&1/%,,7171'11}?“,(§,§U)7i¢v + QiAy,'uf—i-,v( ) 61( ) 2TV, o NFiy 4 (8,5,) Fidy (73)
50 (0:8) = 20 £ () By e 2o Wen (O 1 91 Fy ()R e S

where f+(5) and f£,(5) are CRDTs for the driven motion define as

e

. W(3) = 1 Z . /ﬁLh(gj)By(gj)e—i[\lfz.h(§,§j)$‘1’y(§,§j)] (75)

8isin[m (Ve F vy)] =

1 - -
g) — 1 / S —i[Uy(5,5;)FVy,0(5,55)] .
f:':’v(s) 81 Sin[Tr(l/g; -+ Vy,v)] j=1 o )59 o ) 7o)

=

Compared to the CRDTs for the free motion, f+(5), in Equation (58), the optical parameters in the horizontal plane
are replaced by those for the driven motion in f+ 5(5) and the optical parameters in the vertical plane are replaced by
those for the driven motion in f4 ,(5). In this way, the coupled driven motion is parametrized with a new set of CRDTs.
If we use Equations (40) and (41) and rewrite [\/By,,(5;)e" Y= (5] in Equation (75) and [v/By,.(5;)e= v (5] in
Equation (76), f+ »(5) and f+ ,(5) can be expressed with f+(5):

5 L sinfm(e Fvy)] (i, w(.50—bu (.50 e (5,50 Fa (550 [\ FL £ (5
w(8) = i e~ Utz.n (5,5 (5,8 + \ie [V, n(5,80)+ Y2 (5,5h)] )\ZF *(3
F505) = = S o F=(5) + AFFL(5)]
+ 2 sin(7r5h)e*i[‘l’m’h(g’gh)*‘l’w(igh)]f$(§; 5n) + 2isin(md, )e Ve 1 (5:5n)+Wo (5,5n)] NFL 1 (555, Eh)]} (77)
and
- L osin[m(we Tyl f sif, (5,50 vy (5.5)] ¢ (< Eiltpy. (5.5 55 _
v — . e y,v(S;Sv y(8,8v 3) — Ave Z[wy,v(svsv)‘i‘wy(svsv)] )\:Fl 5
f:F ( ) MSIH[’K(VI :Fl/y,v)}{ f:F( ) [ c fﬂi< )]

F 2isin(nd, ) e Vv G50 =W G5l £ (55 5,) 4 2isin(nd, )eT Vv E5)TVESINFL ¢, (5.5 sv)]} . (78)

where f+(5;35,5,) and f+(5;85,35,) describe contributions to f+(5) from the skew quadrupole fields located between §,
and 5 and between s, and 5

1 N

8isin[m(vy F vy)] :

[5(5:5,5ac) =

O(553 8, Sac)kj\/ Bz (55) By (gj)e*i[‘l’z(gvgj)ﬂ’y(gvgj)} (8ac = 5p OT 5y). (79)
1



If we use Equation (68), f+(5;5, 5ac) is given with f+(5) and f4(Sac):
e‘/ri(u,;:Fuy)sgn(EfEac)

F (555, 8ac) = 2isin[m (v, F vy)] {f¢(§) B eii[%(g’g“)wy(g’gad]ij(gaC)} (Sac = 5 or 50). (80)
T Y

As we discuss in Section 4, f+ ,(5) and f4 ,(5) can be determined from an observation of the driven motion. Hence, if
the horizontal and vertical AC dipoles are at the same location in the ring, suppose 5, = 8, = 8¢, Equations (77) and
(78) provide four equations for four known parameters, f+ ,(5) and f+ ,(5), and four unknown parameters, f+(5) and
f+(5;5,54) (or equivalently f+(5) and f+(5a.)), and it looks that we can algebraically solve these equations for f+(5).
However, this is not the case since these equations are not linearly independent. This indicates that f+(5) at one BPM
location § cannot be determined only with fz 5 (35) and fx ,(5) at the same location. As shown in Section 4, we also need
f.n(5,) and f+ ,(5,) to determine f+(5). Similar to Equation (68), the following equations hold for f+ (5) and f+ ,(3)
at two BPM locations 51 and 5s:

ei[wzJL(52):Fwy(§2)]f:':7h(§2) _ ei["/’m,hr(gl)q:“l’y(gl)]fq:7h(§1) = Z 7 //Bac h 5] /81 1[7/11 n(55)FPy(5;)] (81)

51<s]<82
MG f (5y) — WeEOFUEI L (51) = 3 2 /Bu(55) By (55) G TGl (82)
51<b]<52

We note that the solutions in Equations (73) and (74) are in the complex phase space representations based on the
parameters of the free motion, & = x + t{ay(5)x + ,(5)2'] and § = y + iy (5)y + By(5)y’]. Whereas, as discussed in
Section 2.2, the complex phase space positions reconstructed from two adjacent BPMs for the driven motion are those
based on the parameters of the driven motion, Z, = « + t{ag 4 (5)x + B 1 (5)2’] and G, = y + i[oy,+(5)y + By, (5)y']. The
transformations from Z and g to &, and ¢, are given in Equations (45) and (45):

~(1)( ) _ QZAy 1;f— Y h( ) ﬂ%h(5)6727”-1’9’”7171-7’!}%”(§’§”)7i¢” + 2iAy,1)f+,1),h(§) 5% h( ) 2Ty o NF11y 4 (5,50) Fidy (83)
(1)(71 S) — 2’LA$ hf h U(g) /ﬁym(g)e—QﬂiVm,hn—iwz,h(§7§h)—i¢h + %A:v,thnh,v(g) /By U( ) 271V pn+-ite 1 (5,5n)+idn , (84)

where f+ .,(5) and f+, 1(5) are CRDTs of the driven motion modified for the complex phase space representations for
the driven motion:

Fonn(8) = ——

JI- R

1
J+0n(8) = ﬁ

The complex phase space positions of Equations (83) and (84) and, hence, fx 5.(5) and f+ . 4(5) are what we observe
with BPMs for the coupled driven motion.

{eii[ po(8:5) =Wy 58 £ (5) /\Uei”[‘%v<§*§v>”’y<§’§v”fi,h(g)} (85)

{eﬂ[ on(5,50) =, (ssh]f o(8) = Ane™ W[V, (5,50)+ Ve (SSh]f (3 )}, (86)

4 From CRDTs of Driven Motion to CRDTs of Free Motion

In this section, we present an analytical procedure to determine the CRDTs of the free motion, f+(5), from measured
turn-by-turn complex phase space positions of the driven motion, Z,(n; §) and ¢,(n; ). Like the case of the free coupled
motion, the modified CRDTs of the driven motion, f+ j.(5) and f4 . 5(5), are determined from the Fourier components
of &, (n; 5) and ¢, (n; 5). From Equations (43) and (44), the Fourier components corresponding to the leading order modes
are

%h(—l/z,mg) = ALh\/me—iwz,h(gﬁh)—Wh (87)
Yy (—vyw;8) = Ay v meiiwy’v(g’gv)iw“ . (88)

From Equations (83) and (84), the Fourier components corresponding to the first order modes are

X (~1y0:8) = 2040 f— 01 (8)/ Bup(8)e Vv (55010 (89)
L (Vyw: §) = 204y 4 10,0 (3)V/ Bap(5)e Ve (50 Fid0 (90)
Dy (—V 13 8) = 2iA0 0 f7 1y (5)V/ By (5)e Wen(&5m)=ion (91)

Dy (Ve n; 8) = 2040 0 fy o (8)\/ By u(5)e Ve (S tion, (92)



With these six components, f+ n(5) and f4 4 (5) are determined by

.
I = 3 S T o
Frno(3) = ;m 52 ((fj:j)s) (95)
sl = 5 S T o 0

Once fx po(5) and fx , 1(5) are known, the CRDTs of the driven motion, f+ ,(5) and f+ ,(5), are determined by solving
Equations (85) and (86) for f4 ,(5) and f+ ,(3):

f:F’h(g) = \/117)\2{e$i[‘1’y,v(s,sv)_q’y(&Sv)]f:':’h,v(s) + Aveii[\lfy,v(§,§v)+\11y(g,gv)]fi’h’v(g)} (97)
1 , - - A - o

frn(3) = \/ﬁ{ez[\llzyh(s,sh)flllw(s,sh)]f¥7v7h(§) 4 )\heﬂ[q;z,h(s,sh)wyz(s,Sh)]fi’vyh(g)}. (98)
— A

We can determine the CRDTs of the free motion, f+(5), from those of the driven motion, f+ ,(5) and f+ ,(5), in the
following way. If we exchange all the optical parameters of the horizontal plane for the free motion, (3,(3), 1. (32, 51),
U, (52, 51), and v,, with those for the driven motion, 8, 1 (5), ¥z1 (52, 51), Y4 (52, 51), and v, 5, in Equation (77), we get

5 ! Sin[ﬂ(”wﬁ’/y)]{w (5,50~ (5,50)] il (5,5 4452 (5.5 .
_ s i[a,n (5,5 + (5,5 Y i[Ye, 10 (5,50)+12(5,51)] )\il *
() 1 -} sin[r(vz Fvy)] ‘ fr.n(8) = Ane Aenfzn(s)]

— 2isin(mdy)elVen (&3S £ (525 5,) — 2isin(ndy, )e " Ve (5:50)Fa(5:50)] [Aiif;,h(g; 3, Eh)}} . (99)

Similarly, if we exchange all the optical parameters of the vertical plane for the free motion, 8, (5), ¥, (52,51), ¥, (52,51),
and vy, with those for the driven motion, By.,(3), ¥yv(52,51), ¥y »(52,51), and v, ,, in Equation (78), we get

. L sin[r(We Fvyo)l § iy uss0) -yl p (o ilthy,0(5,5) 4y (5,5 .
5) = - > eTUPy,v(SSv y\S,Sv (8 + )\'ue 7/["[’y,'v(57‘5'v)+wy(575v)] )\2:11) (5
f:F( ) m Sln[Tl’(Vx :FVy)] { f:F; ( ) [ , fi, ( )}

+ 2isin(nd, )eF v G705 f (505, 5,) F 2isin(m6, ) e Vo (SIITTESINFL (515 sv)]}. (100)

In these equations, A and A, are parameters similar to A, Ay, and A,:

infm(ve, )]
Ach = sin[7(ve,n + vy)] (101)

and, similar to f1(5; 35, 5ac) in Equation (79), f+ 1(5;5,5,) and f+ ,(5; 5, 5,) describe contributions to f+ ,(5) and f+ ,(5)
from the skew quadrupole fields located between §; and § and between s, and s:

N
fzn(5:58,50) = 1 > 0558 80/ Bun(57)B, (5,)e e n (&5 Ty (S50 (103)
1

8isin[m(vy,n F vy)] ‘

N
<. 5 = 1 = —1 5,8 5,8
J5.0(5;5,8,) = — 7 Z@ 5;38,80)65\ Bx(5;)By.w(55)e [We (5,55)F ¥y, (5:55)] (104)
J=1

8isin[m(vy F Vy,o
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By using Equations (81) and (82), f+ 1(5;5,5,) and f1 ,(5;5,5,) can be expressed with fx 1(5), f+.(5), f+,n(5n), and
fr0(80):

efri(l/z,hq:uy)sgn(i—ﬁl)

Frn(55,5,) = {fw(g) _ e—z‘[m,h(g,gh)xwy(m)}f%h(gh)} (105)

2isin[m (Vg F vy)]

eﬂ'i(Vz:FVy,u)Sgn(g_gu)

Froo(5:5,50) = {f:w(g) _ e—z‘[wm(g,gu)xwy,u(g,gu)}ij’v(gv)} . (106)

2isinm(vy F vyp)]
If there are BPMs close to the locations of the horizontal and vertical AC dipoles, 5}, and 5, we can measure f+ 5(55,) and
J+.0(5y) and determine fx 5(5;5,5,) and f£ ,(5;5,5,). In this way, the CRDTSs of the free motion, f+(5), are determined
by substituting the measured f+ (5), f+(5), f+.n(54), and fx,(5,) into Equations (99), (100), (105), and (106). We
may see that, from Equations (93), (94), (95), and (96), f+(5) determined from Equations (99) and (100) are inversely
affected by calibration errors of the horizontal and vertical pick-ups of the considered dual-plane BPM. Therefore, when
calculating the amplitude of f+(5), we should take the square average as we did in Equations (66) and (67).

5 Errors When Approximating f(5) with f;(5) or f+,(5)

In the previous section, we presented the procedure to determine the CRDTs of the free motion from the CRDTs of
the driven motion. However, as we may see in Equations (77) and (78), aside from the scaling factors {sin[m(v, F
vy)]/ sin[m(vy n F vy))} and {sin[r (v, F vy)]/sin[r (v F vy,0)]}, the differences between the CRDTs of the free and driven
motions are only on the order of A\, or A,. If the required accuracy of a measurement is not very high, such small
differences may be simply ignored. In this section, we estimate the errors if we approximate f4(5) with f+ ,(5) or f+ ,(5)
by simply ignoring the differences between f+(5) and f4 ,(5) and between f+(5) and f+ ,(5) after removing obvious
differences.

5.1 When |f4(5)] ~ [Af_(3)]

We consider a case when the amplitudes of the difference and sum CRDTs satisty |f4(5)] =~ [Acf-(5)]. We also assume
that there are randomly distributed many skew quadrupole fields in the ring. In Equations (77) and (78), the overall
scaling factors, {1/v'1 — A7 sin[m (v, F vy)]/ sin[n (Ve n F vy)]} and {1/V1 — A7 sin[w (v, F 1))/ sin[w(vy F vy,)]}, and the
overall phase factors, e~ ¥=.n(5:50)=v=(5:50)] and eFilty.v(5:50) =%y (550)]  are known parameters and they should not be
included in errors. We introduce new parameters, f= 5,(5) and fx ,(5), from which these factors are removed:

A sin|m (v, vy)l 5.5 )—.(5.5 .
f$,h(§) =1 ,)\% [ ( hF y)}e [Ve,n(5,5n) = (5, h)]f$,h(5)

sin[m(vy F vy)]
= f+(8) + Ape 2V GSIINFL£2(3)] + 2100y f5 (55 5, ) + 2midpe 2= CSINFL % (5:5,5,)] + O(A2)  (107)

and
F(5) = /12 S F )] it s0 v, 0 1 s
f$7 (S) v Sin[TF(V$3FZ/y)] € f$7 (5)
= f+(8) = X\peT2VsESINFL L (3)] F 2mid, £+ (5; 5, 5,) & 2mid,e™2 Vv GSINTFLf, (5;5,5,)] + O(N\2).  (108)

The difference between f+(5) and f¢,h(§) or between f+(5) and f= ,(5) gives a systematic error when we do not use the
solution of Section 4. When a complex number z changes by a small amount ¢z, changes in the amplitude and phase are
given by

|z 4 0z] —|z|  Re[z*6z]

] = O(|82]%) (109)
arg(z + 0z) — arg(z) = Im|[§|*26z] +0(]62%) . (110)
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Applying these two formulae to Equations (107) and (108), the amplitudes of f= 5, (5) and fx ,(3) satisfy

()|~ 1f6)] _ ), N G)]
|

cos{arg [f+(8)] + arg[f+(5)] + 2¢.(5, )}

O TR
+ 27, msin{arg[f (5)] — arg[f+(5;5,5,)]}
|/%(5)] i L
Lf4(5:5,5,
+ 2ﬂdhw sin{arg[f¢(5)] + arg[f+ (5; 5, 54)] + 2U,(8,5,) } + O(\7) (111)
and
ol = @) W@
AP BT o a2 (9] - vl (1) 20, 5.5)
F 276, % sin{arg[f+(5)] — arg[f+(5;5,5,)]}
¥ 5,5
+ 276, w sin{arg[f¢(5)] — arg[f+(5; 5, 5,)] F 2V, (5,5,) } + O(A2) (112)
/= (5)
and the phases of f;yh(é) and f;ﬂ,(g) satisfy
arg[f¢7h(§)] —arg[f+(5)] = -\, |/\|j;j(i§| )| sin{arg[f+(5)] + arg[f+(5)] + 2¢x(5,54) }
|f$(7 ) h)|

+ 27r5h77 cos{arg[fx(5)] — arg[f=(5;5,54)] }
[/ (5)]

+ 27o), W cos{arg[f+(5)] + arg[f+ (5;5,5,)] + 2U,(5,5,) } + O(\7)  (113)
and
ek (9] g £(9)] = T i 9] — el (5] % 20, 5.5}
T MCOS ar —ar 5;8,8
i2w6vWCOS{arg F+(5)] — arglfo(5;5,5,)] T 20, (5,5,)} + O(N2).  (114)

We note that there are six difference phases in these equations and they are all incoherent!. From the initial assumptions,
the following approximation holds:

Then, under these assumptions, the systematic errors in amplitude and phase are estimated as

Fen@l @I\ e !
() = barlfsa(0)] sl o], = 0o 1+ gy o)
503 = /5 3)| ~ larel fr (5)] — are[ £ (5 ~ 9 1
< |f+(5)| >rms—< g[f%v( )] g[f;( )]}rmq 270, 78sin(2m/y)' (117)

LAn exception is that the phases in the second terms of Equations (111), (112), (113) and (114), {arg[f+(5)] — arg[f=(5; 3, 5,)]} and
{arg[f+(5)] — arg[f+(5; 5, 5,)]}, become identical when the horizontal and vertical AC dipoles are at the same location. In this condition, if
we choose 0, = d, and take the mean of f_,h(é) and f_ ,(5) to estimate f_(5), the contributions from these terms cancel out each and the
systematic error can be reduced. Similarly, if we choose 0, = —dy, the systematic error in f1(35) can be reduced.
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5.2 When |f,(5)] ~|f_(35)]

We make a comment on a case when the difference and sum resonances have similar strengths, |f1(5)| ~ |f-(8)|. In such
a case, from Equations (77) and (78), the leading order terms of f_ ,(5) and f_ ,(3) are given by

7 A — 21 (5,5n) £* (= 27TZ’5L71' 3,8n) £% (= = =

Fon(8) = f(8) + Frem 2o 1 (s) 4 e =) £ (55, 81) + O(W) (118)
A P 271 ) _

f—,v(g) — f_(g) _ %6211#11(5,81’)]&‘_*_(5) + 7;7@6“621\1121(5,811)]0_’_(@ 3, gv) + O()\v) (119)

Because /A, T0h/Aes Av/Ae, and w6, /A. are on the order one, f_;(5) and f_yv(é) have contributions from f,(5),
f+(5:5,5,), and f4(5;5,5,) on the leading order. Therefore, in this condition, estimating f_(5) with f_ ;,(5) or f_ ,(5)
is not very accurate. Again, from Equations (77) and (78), up to the first order of A, and A,, f 4(5) and fy ,(3) are
given by

Fn(3) = f4(5) + 2midn f4(5:5,5n) + O(A}) (120)
Frn(3) = f1(3) + 2mib, £1.(5:5,5,) + O(N2) . (121)

Hence, the approximation for f(5) is still on the order of Ay, or A,.

5.3  fen(5) and f1,(5) vs. frn(5) and fr,4(5)

In Section 3, we saw that the parameters directly determined from the spectra of the driven motion are the modified
CRDT of the driven motion, f+ 5 ,(5) and f+ . 1(5), instead of the CRDT of the driven motion, f+ »(5) and f+ ,(5). We
can calculate fr 5(5) and fr ,(5) from fr 1 (5) and fr ., 1(5) or vice versa with Equations (85), (86), (97), and (98).
We make a comment to approximate f(5) with fg ,(5) or fz . n(5). As Section 5.1, we consider |f4(5)] ~ [Acf—(5)|.
From Equations (85) and (86), up to the first order of A., A, and Ay, f— 1.,(5) and fi , 5 (5) are given by

fonw(5) = v GRI=0E3) L (5) 4+ O(NZ A (122)

v

fown(3) = e_i[‘l’w”b(gvgh)—‘l’z(g»gn)]f77v(§) + O, AeNy) (123)

The differences between f_ 5, ,(5) and f_ ;(5) and between fy j,(5) and f1 5 (5) are only in the phases and on the orders
of A\, and A,. Hence, when we approximate f_(5) with f_ ; ,(5) or f_ , ,(5), we only have additional phase errors on
the order \j, or \,, compared to when approximating with f_ 5(5) or f_ ,(5). Again from Equations (85) and (86), the
leading order terms of fy ,,(5) and fy , 5 (5) are given by

frno(3) = f+ () — %6_22'%(5’5”)[)%]“7,;1(5)] + O(A\) (124)

C

= = A 4 —2iV, (5,5 * =

Fronl®) = Fe(®) = S2e7? MM, @)]+ O0w). (125)
C

Because A, /A and A, /A are on the order of one, fyi 5 ,(5) and fyi , 1, (5) have contributions from f_ ;,(3) and f_ ,(3)

on the leading order. Hence, the approximation of the sum CRDT f4(5) with fy 5.,(5) or fi ,,(5) may not be very

accurate.

6 Conclusions

This note derived an expression of the coupled driven betatron motion, showed that it is parametrized with a new set
of CRDTs, similar to the case of the uncoupled driven motion, and presented how to extrapolate the CRDTs of the free
motion from those of the driven motion, which are directly determined from spectra of the driven motion. Please note that
the presented derivation and parametrization of the coupled driven motion with a new set of CRDTs can be extended in
a straight forward manner to the driven motion under influences of any perturbative fields characterized by any resonance
driving terms. We also gave estimates of errors when we approximate the CRDTs of the free motion with those of the
driven motion. Once we removed the trivial differences in amplitude and phase, accuracy of the approximation is on the
order of 2mwdy, or 2md, in typical conditions, where magnitude of the sum resonance is smaller than that of the difference
resonance by the order of A\.. This note only presented the analytic solution and estimate of the problem. The obvious
next step is to perform numerical simulations and develop an algorithm for real data.
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