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The action-angle variables for the longitudinal motion in synchrotrons are defined to conform
with that of the transverse degrees of freedom. The Hamiltonian due to synchro-betatron coupling

resonances is formulated in terms of these action-angle variables.

A method for the calculation

of the synchro-betatron resonance strength is discussed. The dynamics of particle motion near a
resonance condition in the presence of nonlinear detuning is studied. The hysteresis phenomena
associated with these resonances are discussed and employed to deduce the resonance Hamiltonian

from experimental data.

PACS number(s): 41.85.—p, 03.20.+i, 05.45.+b, 29.20.Dh

I. INTRODUCTION

Synchro-betatron coupling resonances (SBRs) are im-
portant in electron storage rings and fast cycling pro-
ton synchrotrons, where the fractional parts of the syn-
chrotron tune and betatron tunes are of the same order of
magnitude. Beam current limitation, beam loss, and per-
formance degradation due to SBR have all been observed
in many storage rings [1-9]. This problem is particularly
important for high luminosity electron storage rings and
for high brightness synchrotron radiation sources.

In the past, many model calculations were performed
to estimate effects of SBR [1-14]. In particular, Piwin-
ski and Wrulich [3] pointed out many essential features
of the sum and difference SBRs and their driving mech-
anisms. Similarly, Hamiltonian formalism for the SBR
single particle dynamics have been derived by many au-
thors [11-14]. The emittance growth rates due to SBR
obtained from the Hamiltonian formalism agree well with
numerical simulations [11,12]. More recently, there have
also been extensive studies on SBR induced by beam-
beam interactions at a crossing angle [13,14]. However,
these studies neglect the dependence of tunes on the be-
tatron amplitudes. Since the detuning process is an es-
sential ingredient for the stability of particle motion near
a nonlinear resonance, studies of SBR with nonlinear de-
tuning are useful. Because the beam loss mechanism oc-
curs mostly in the transverse degrees of freedom, we will
reformulate the SBR Hamiltonian conforming with trans-
verse actions or, equivalently, the Courant-Snyder invari-
ants and study transverse beam dynamics at a SBR.

This paper is organized as follows. In Sec. I, we review
the SBR Hamiltonian, where the Panofsky-Wenzel theo-
rem is used to constrain the SBR potential. A method for
the calculation of the SBR coupling strength in action-
angle variables is discussed. In Sec. III, the dynamics
of particle motion near a SBR is studied in the presence
of nonlinear detuning parameters. We will show that
the nonlinear detuning gives rise to the bifurcation of
resonance islands. When the betatron tune is ramped
through a resonance, the response will exhibit hystere-
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sis phenomena, which are applied to determine a SBR
Hamiltonian from experimental data of tune scan mea-
surements in the large electron-positron (LEP) collider
in CERN [9]. The conclusion is given in Sec. IV.

II. THE SBR HAMILTONIAN

The Hamiltonian for a charged particle executing be-
tatron and synchrotron motions in a circular accelerator
can be expressed as [11-14]

HOZHJ_(mam’azazl)+Hs(§ a&>v (1)
h™" po

where H| is the Hamiltonian for betatron oscillations
with (z,z’) for the horizontal and (z,z’) for the vertical
phase space variables, respectively. The prime represents
the derivative with respect to the longitudinal coordi-
nate s along the ring, which serves as the time coordi-
nate. H, is the Hamiltonian for the synchrotron motion
with the conjugate longitudinal phase space coordinates
(%QS, ——%f), where R is the mean radius of the circular
accelerator, h is the harmonic number, ¢ is the rf phase
of the particle relative to the synchronous phase angle
¢s, and %}E is the momentum deviation of the particle
from that of the synchronous particle.

The Hamiltonian for the linearized betatron oscilla-
tions is Hio = (% + Ko2?) + (2% + K.2?), where
K., K, are the focusing functions. Similarly, the syn-
chrotron Hamiltonian is given by [11]

e 2)(2)

T2 p /) \po
- h‘;‘fb [cos(d + ) + dsin a6, (6 — 65),
7

(2)

where D, is the dispersion function; p is the bending ra-
dius of dipoles; B¢, , and E are, respectively, the speed,
the Lorentz factor, and the energy of the particle; V; is
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the rf voltage at the 6; location, and 6,(0 — 6;) is the
periodic delta function. Since the synchrotron oscillation
is relatively slow, the synchrotron Hamiltonian averaged
over one revolution becomes

(Hy) = — %n (%}I—’)z

[cos(¢p + ¢5)

_ h:|a7ﬂ —cos ¢, + @Psing,], (3)

\/ %%—,"—‘Ei is the synchrotron tune of a station-

ary bucket at small synchrotron amplitudes with V as
the effective voltage of the entire ring and a constant was
added in Eq. (3) to shift the Hamiltonian value.

The actions of the synchrotron and the linearized be-
tatron oscillations are defined as

R AP 1 ! 1 f !
= — z = — d
I, = 27rhf —d¢, I, - fm de, I o P 292

The transverse actions are also called the Courant-Snyder
invariants. Table I lists parameters of some electron stor-
age rings and the ratio %’- of rms actions. Appendix A
discusses general properties of I, and Appendix B exam-
ines scaling properties of the longltudmal and transverse
actions. Note here that the ratio of 7 is about 50-200 for
high energy colliders, which does not minimize the trans-
verse emittance. On the other hand, the ratio is about
600-700 for synchrotron radiation sources, which mini-
mize the transverse emittances. However, the large ratio
for synchrotron radiation sources arises mainly from their
small synchrotron tunes. Had the synchrotron tunes of
the Advanced Photon Source (APS) and the Advanced
Light Source (ALS) increased by a factor of 10, the ratio

where v, =

5707

would have been decreased by the same factor.
Transforming the coordinate system onto the action-

angle variables and using the orbital angle 6 for time

coordinate, one obtains the unperturbed Hamiltonian as

Ho =v I, +v, I, + -;—aulz
1
+az:zIz:Iz + 'éazzlz + Es(Ia), (4)

where v,,v, are the horizontal and vertical betatron
tunes and the nonlinear detuning parameters oy, @,
and «,, (due mainly to sextupoles, octupoles, and beam-
beam interactions in storage rings and colliders) are the
order of 103 — 10* m~?. It is worth pointing out that the
perturbation expansion in power series of I, I, may not
be appropriate for the nonlinear detuning due to beam-
beam interactions, where the tune shifts for particles at
large amplitudes are small.

The Hamiltonian value of the longitudinal motion,
E,(I,), can be expanded as (see Appendix A)

Ea(Is) = _F—ZI(Q‘IS + %a,,If), (5)
where Q, = v,|cos¢,|'/2. The detuning parameter

—%Rm(l + $tan® ¢,), tabulated in Table I, is of

the order of —10 m™?!, which is normally much smaller
than the betatron detuning parameters.

Qg =

A. The SBR potential

The SBR potential Vsgr may arise from dispersion
functions in rf cavity locations, transverse fields with lon-

TABLE I. Parameters of some electron storage rings. The action listed in this table is the action
for the rms particle. The symbols for storage rings are as follows: BEPC, Beijing electron positron
collider; CESR, Cornell; LER, low energy SLAC B factory; HER, high energy SLAC B factory;
LEP, CERN; APS, advanced photon source at Argonne; ALS, advanced light source at LBL.

Parameter BEPC CESR LER (et) HER (e7) LEP APS ALS
E (GeV) 2.2 6 3.1 9 55 7 1.5

Ve 5.8 9.38 32.28 25.28 76.2 35.22 14.28
v, 6.8 9.36 35.18 24.18 70.2 14.3 8.18
€- (nm)® 450 240 96 48 51 8 4.8

€. (nm) 35 8 3.86 1.93 0.51 0.08 0.48
p (m) 10.35 60 30.6 165.0 3096.2 38.96 4.01
10%c 400 152 14.9 24.4 3.866 2.374 14.3
C (m) 240.4 768.4 2199.3 2199.3 26658.9 1060 196.8
h 160 1281 3492 3492 31320 1248 328
fer (MHz) 199.5 499.8 476 476 352.2 352.96  499.65
Vs 0.016 0.064 0.0498 0.0522 0.085 0.0066  0.0082
10* 22 4.0 6.3 9.5 6.1 8.4 9.6 7.1

A (10 4 v s) 3.5 7.2 3.1 5.7 78. 4.1 0.43
I, (10%°nm) 7.7 5.7 4.7 3.0 6.8 2.8 1.4

= 34 48 98 127 267 699 574
Qs (m™1)P -3.3 -25.5 -6.5 -10.6 -11.2 -0.27 -0.61
$e (10~*rad) 8.0 11.1 1.4 2.4 1.6 1.3 2.8

2

®The rms action is I, = %= %%‘
"

PThis table calculates only the nonlinear detuning for ¢, = 0 or 7. The actual longitudinal nonlinear
detuning parameter can be about 10% larger depending on the value of ¢,.
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gitudinal variation, dipole field modulation at dispersive
locations, beam-beam interactions with a nonzero cross-
ing angle, etc. [1-14]. The resonance strength should be
calculated from all possible sources.

In general, the SBR potential must satisfy the
Panofsky-Wenzel theorem, which relates the transverse
kicks to the longitudinal energy gain. Consider a parti-
cle of charge e and velocity v = %:: experiencing a kick
from a component in an accelerator. The total momen-

tum change is given by

ty
Af=e [ (E+7xB)dt,

ta

where E , B are electromagnetic fields and ¢, — t, is the
transit time of the kicker component. The total energy
change will be

s
AE:e/ E . ds,

where s,, s; are the entrance and exit azimuthal coordi-
nates of the kicker. Then the Panofsky-Wenzel theorem
yields a relation between the transverse kick and the en-
ergy gain [17], i.e.,

EE(AIM) =V, <_£>’ (6)
RO¢ \ po B?E,

where % is the transverse kick, %(b is the longitudinal
phase space coordinate of the particle, and V is the
transverse gradient. Thus if the transverse kick depends
on the longitudinal coordinates, then the energy gain will
also depend on the transverse coordinates.

This SBR potential, which satisfies the Panofsky-
Wenzel theorem, can generally be expressed as a func-
tion of six-dimensional (6D) phase space coordinates. Be-
cause of the periodic nature of a circular accelerator and
the quasiharmonic nature of synchrotron and betatron
oscillations, the SBR potential can be expanded as [15]

VsBr = Z

Mg, Mz My L

gﬁl’e(lm I,, Is)ei(mﬂl)z +m. Y. +m, P, —£0)

(7)

where m,,m,, m,, and £ are integers and m represents
(mg,m;,ms). The SBR coupling strength g ¢ is given
by the inverse Fourier transform of the SBR potential,
i.e.,

1 . B
gm,e = W/VSBR(; i(mez+m. . +m,1p, —L0)

xdppdip,dyp,db, (8)

Ime
which scales generally as I 2

1. The SBR potential due to nonzero dispersion
in rf cavities

The most common SBR arises from nonzero dispersion
functions at rf cavity locations. The SBR potential due

to dispersion in rf cavities is given by [11]
Vi

VsBr = —RZ heﬁzE
J
—cos(¢ + ¢s) + Pesin )0, (0 — 6;), 9)

where the phase shift ¢. due to the synchro-betatron cou-
pling is

[cos(¢ + &5 + &)

h 2h .
b = —E(sz' —D.z)= —E\/IzID sin(pz — pp)- (10)

Here (I, u.) are the action and phase of betatron oscil-
lations and (Ip,up) are the dispersion action and dis-
persion phase [16], i.e.,

D, = +/28.Ipcos pup,
1
6.0, — 18,0, = —/BBTpsinup

Note here that Ip and pu, — pup are constant in a straight
section without dipoles. Therefore, the rf phase shift ¢,
is constant for rf cavities located in a straight section.
The contribution from all cavities in a straight section to
VsBr is an arithmetic sum. Varying the phase advance
within a straight section does not alter the SBR strength.
Since the dispersion action is generally proportional to
pB3, where 64 is the bending angle of dipoles in a half
cell, we define ¢. as the maximum phase shift parameter

as
2k

¢C_E

Table I lists ¢, for some storage rings. In reality, the ac-
tual phase shift ¢. can be one order of magnitude smaller
than q§C because the actual dispersion action at t}le rf cav-
ity locations is small. We note, however, that ¢. for the
Cornell Electron-Positron Storage Ring (CESR) and the
Beijing Electron Positron Collider are much larger than
other storage rings. This is due to their smaller circum-
ferences and large rms betatron actions. It remains to
be verified that these two colliders are much more sensi-
tive to SBR. Incidentally, the ¢. parameter for the Stan-
ford Positron Electron Accelerator Ring (SPEAR) at the
Stanford Linear Accelerator Center (SLAC) equals that
of CESR.

The SBR potential of Eq. (9) can then be written as

Vesr = — RS -2V
SBR = — ; R g Lcos(9 + 64) (cos ¢ —1)]

Iz,rmspog-

—[sin(¢ + ¢,) sin ¢. — ¢ sin ¢,]}6,(0 — 6;),

(11)
which satisfies the Panofsky-Wenzel theorem. The cou-
pling strength g, ¢ can be obtained easily from the in-
verse Fourier transformation of Eq. (8). To perform beta-
tron phase integrals, the betatron phase p, should be re-
placed by %, + pe — V.0, where 1., is the conjugate phase
variable to the action I,. To perform the synchrotron
phase integrals, a coordinate transformation discussed in
Appendix A becomes handy. The first square bracket
term in Eq. (11) contributes to even m, in Eq. (8), while



49 SINGLE-PARTICLE DYNAMICS AT SYNCHRO-BETATRON . ..

the second square bracket term gives rise to odd m,. Be-
cause ¢, is relatively small, |m;| > 1 is usually less im-
portant. On the other hand, the synchrotron amplitude
04 is of the order of 0.2 rad. Thus high order synchrotron
sidebands with |m,| > 1 can be important.

2. The SBR potential arising from transverse kicks
with longitudinal dependence

Any differentiable function of (z,z, %q&), e.g.,
flz, 2, %(ﬁ), that satisfies the Panofsky-Wenzel theorem
can be used for the SBR potential. Since the electro-
magnetic fields in transverse kicker components can be
expanded in Taylor series, the SBR potential can be ex-
pressed as

R

VsBr = *(h

Azp+ %Azaxﬁ + ) 5,00 6;). (12)

Here the coefficients A, , are given by the transverse gra-
dients of the integrated change of —%f in a kicker com-
ponent, i.e., Ay = %[—A(%f)], etc.

The beam-beam interaction at a nonzero crossing angle
is another example of transverse kick, which may depend
on the longitudinal coordinate. Using the the Panofsky-
Wenzel theorem, the SBR potential arising from the
beam-beam interaction, at a horizontal crossing angle of
26, can be written generally as

Vob,sBR = — [U (-’B + 0x%¢,270) - U(w,z,ﬁ)], (13)

where U(z, z,0) is the beam-beam potential. A com-
monly used Gaussian beam-beam potential model is
given by [6,13,14]

2 2

wl—exp| 55— — 55—

U(z,z,0) = Nero p( o 20,+w) dw
Ty (202 + w)1/2(202 + w)1/2

x8p(0 — 6;), (14)

where Np is the number of particles per bunch, r¢ is the
classical radius of the particle, and o.,0, are the rms
horizontal and vertical beam sizes.

Because nonzero crossing angles in beam-beam inter-
actions may give rise to SBR, high energy colliders are
usually designed with zero crossing angle. However, when
the number of bunches is increased in order to gain nec-
essary luminosity, parasitic crossings do occur. Because
the parasitic crossing angle is usually not zero, it is possi-
ble that the long range beam-beam interactions can also
drive SBR. Detailed analysis of such a mechanism may
be important.

III. BEAM DYNAMICS NEAR A SBR

Following the discussion in Sec. II, the SBR Hamilto-
nian for a particle in a circular accelerator can generally

5709

be represented by
H= HO(I:E, Iz» Ia)

D>

me,m; ,ms,L

gﬁll(Iz,Iz,I‘)ei(m=¢=+m.¢,+m.¢.—l9),

(15)

where Hy is the unperturbed Hamiltonian shown in
Eq. (4). In a single resonance dominant regime at the
following resonance condition:

n
——msQa = e, 16
] (16)

the Hamiltonian can be approximated by
H=x HO + lgﬁt,ll cos(mz‘tb, + mz“/’z + ms"/’s — 40 + 71?;,!)-
(17)

It is easy to show that the Hamiltonian of Eq. (17) has
two invariants, i.e.,

Mg Vg + mzV; —

mgl, — m. I, = const,
(18)
mgl, — m,I, = const.
These invariants define a line in the (I;,I,,I,) action
space. The variation of actions becomes

Mg m,

Al = Al,, Al =

mg mg

AL, (19)

Since the rms longitudinal action I, of a beam is much
larger than the corresponding rms actions of the trans-
verse planes, the percentage increase in transverse actions
is much larger as shown in Eq. (19) for both sum and dif-
ference SBRs. Since storage rings are usually operating
close to the transverse dynamical aperture limit, particle
loss appears dominantly in transverse degrees of freedom.
This loss mechanism has been observed in PETRA and
DORIS [6], in CESR [7], and during the injection in LEP
[8]. Based on I, >> I, ., approximate treatment of SBRs
will be discussed as follows.

A. Approximate treatment for v, + m,Q, = £
resonances

Since I, < I, for most of particles in the bunch, the
percentage variation of the longitudinal action is small.
We can thus approximate g = §I,1,/ 2 for v, £ mgQs = £
SBR, where § depends on m,, I,, and £. The Hamiltonian
near the first order sideband resonance can be expressed
as

1
H=v.l, + ou.I2 - %(Q,Is + la,,I?)
+GI2/2 cos(z + matp, — €0 + 7). (20)
Using the generating function

F2 = (1/):: +ma¢a — 46 +7)Il +¢aIZv

the Hamiltonian in the resonance rotating frame becomes
H = Hy(I1,%1, I2) + Hz(I2), with Hy(I2) = — 4 (Q. Iz +
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10a,,13) and
1 i
Hy =8I + senlf + GI* cos . (21)

Here 6, = v, — l—yﬁm,(Q, + assl2) — £ is the resonance
proximity parameter, a; = 0z — r:l’—lmfa" is the effective
resonance detuning parameter, Iy = I, and I, = I, —
mgl,.

Because of the fact that I, > I, the approximate SBR
Hamiltonian in the resonance rotating frame is identical
to that of the first order parametric resonance system
[18]. Hamilton’s equations of motion are given by

. 1. ; ~ .
'l/)l = (51 + alIl + '2_§Il 1/2 COS"(/)l, I1 = gI].%/2 smd)l.
(22)

The equation for fixed points of the Hamiltonian is given

by

1
w® — bw + 52=0, (23)
with
1/2 41 g
w=1I""cos¢; (Y1 =00rm), b=—-—, a=—.
i a1

First, we examine the trivial case with a; = 0. The
fixed point is located at wgp = —5%. The condition for

minimizing effects of SBR becomes |wgp| < §+/T1,rms oT,

) __1s|
equivalently, |6;] > VI ems

When the nonlinear detuning is not zero, solutions of
Eq. (23) are well known [18]. If the resonance proximity
parameter b is larger than or equal to a bifurcation value
by, given by

by = 3(%)2/3, (24)

there are three solutions to Eq. (23) given by

wy(b) = —%bl/z cos g,
wa(b) = %bl/z sin(% - g), (25)

ws(b) = %bl/z sin(% + g-)

Here £ = arctan (&)3 — 1, with ﬁ > 1. The solutions
w; with ¥; = 7 and w; with ¢¥; = 0 are stable fixed
points (SFPs) and the solution wz with ¥; = 0 is the
unstable fixed point (UFP). Stable tori in phase space
are closed curves around the SFPs. The particle motion
in phase space can be described by the tori of constant
Hamiltonian H; around SFPs (see [18]).

When b < by, there is only one real solution to Eq. (23)
given by

)l @
W@ e

and all tori are closed curves orbiting about the outer
SFP. The condition for minimizing the effects of SBR
can be analyzed similar to that of rf phase modulation
(18]. In particular, when b = by, the SFP becomes

(2§)1/3
wy, = — — .
ay

To ascertain small perturbations to the beam distri-
bution, the SFP must be near the bunch center, i.e.,
|w1|? < 311 rms- This means that the resonance strength

should be |_(}I1/2 | < 5—51/—2 oy IZ if the SBR resonance

1,rms rms I ’

is located at §; = —2,%(1}/3@2/3.

Beyond the bifurcation tune, i.e., the resonance prox-
imity parameter b > by, the SBR resonance island bifur-
cates into two stable islands. At a resonance strength
where both SFPs are within the dynamical aperture of
the accelerator, a beam can split into two beamlets in the
betatron phase space. These two beamlets are orbiting
about the closed orbit at the tune of v, +m,Q,—¢. A high
resolution profile monitor may be able to resolve these
islands. However, since the beam bunch is composed of
particles with all synchrotron and betatron phases, the
actual island is a ring of islands in the betatron phase
space.

When the betatron tune is ramped through the reso-
nance, these islands may exhibit hysteresis phenomena.
At a betatron tune with b < by, the equilibrium bunch
center is located at the only SFP given by Eq. (26). When
the tune is ramped so that b is approaching b, from be-
low, the amplitude of SFP increases and the bunch fol-
lows adiabatically with the outer SFP, beyond the bifur-
cation point by, until the outer island becomes too small.
The beam bunch will jump from the outer island into the
inner island.

On the other hand, at a betatron tune with b > b, the
equilibrium centroid of the beam bunch is located at the
inner SFP of Eq. (25), because the outer island is either
nonexistent or very small. When the tune is ramped so
that b is approaching b, from above, the beam will follow
the inner SFP until the separatrix cuts through the center
of the phase space. Then each particle in the beam bunch
will perform large amplitude oscillations about its corre-
sponding outer SFP. These hysteresis phenomena have
been observed in synchrotron motion with rf phase mod-
ulation [18]. The SBR Hamiltonian can be determined
from the measured hysteresis curves. In the following, we
discuss an example of deducing SBR Hamiltonian from
the data of tune scan experiments in LEP [9].

1. Ezperimental observation of SBR in LEP

Recently, experimental measurements of beam size as
a function of the horizontal betatron tune across the
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vz — 2Q, = £ resonance were performed in LEP [9]. The
upper two panels of Fig. 1 show the rms beam sizes vs
the horizontal betatron tune, which was scanned from
0.1 to 0.3 while the vertical tune was 0.20 and the syn-
chrotron tune was 0.076. The rms beam sizes obtained
from downward tune scan were shown upside down to
exhibit possible asymmetry between the upward and the
downward tune scans.

The increase in beam size at v, ~ 0.152 might result
from the SBR at v, — 2Q, = £. The difference between
the upward and the downward scans may result from the

»g v, =020 Q,=0.076
-
)

aal

Y STTTTEETET | AT IUUET RO NPT SUUTE PR T
0.12 0.14 0.16 0.18 02 022 024 026 0.28
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g 06 | e -
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b 04
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FIG. 1. The rms beam sizes, with resolution of about
0.05 mm, obtained from tune scan measurements in LEP are
shown as a function of the horizontal tune in the top two
panels [9). The synchrotron and the vertical tunes were kept
constant at 0.076 and 0.20, respectively. The lowest panel
shows the SFP amplitudes, i.e., /BzIz,sFp, derived from ex-
perimental data. The solid squares correspond to data from
the upward tune ramp and the circles correspond to data
from the downward tune ramp. An error of 0.1 mm was as-
signed to reflect the 10% variation in our derived Hamiltonian
parameters. Smooth curves are solutions of Eq. (23) fitted
with parameters Q, . = 0.074, a; = —1.4 X 108, m™! and
g = —\}% x 10~% m'/2, This model does not explain why o
decreases during resonance crossing.

hysteresis phenomena discussed in the preceding section.
The lowest panel of Fig. 1 shows /8.1, srp deduced
from the data along with the fit of the model discussed
in the preceding section. In the following, I will discuss
the model for deducing SFPs from experimental data.
However, one should take the following model-dependent
analysis with a grain of salt.

We first realize that SFPs and the UFP of the first
order resonance are smooth curves shown in the low-
est panel of Fig. 1 (see also [18]). When the betatron
tune is ramped upward, toward the resonance frequency,
the outer SFP and its island move outward in the beta-
tron phase space. The center of the beam bunch follows
adiabatically the outer SFP of the solution w; in the
preceding section. The measured beam size is given by
(quadrature assumption)

alzneasured = :BII:B,SFP + Bz€z, (27)

where /B¢, is the off-resonance beam size and I, spp
is the rms action of the SFPs of all particles, shown as
solid square symbols in Fig. 1. When the tune is ramped
upward, the center of the beam bunch follows the SFP
outward and beyond the bifurcation tune, until the outer
island size becomes too small to contain the bunch. The
beam bunch then jump from the outer SFP to the inner
SFP shown as a downward arrow in Fig. 1.

On the other hand, when the betatron tune is ramp
downward toward the resonance tune, the beam would
stay with the inner stable island, which is usually at a
very small betatron amplitude. The inner SFPs shown as
open circles in Fig. 1 can be obtained from experimental
data similar to that of Eq. (27). The response of the beam
size to the tune change will be small until the separatrix
cuts through the origin. Then the beam bunch would
orbit about the outer SFP at twice the SFP amplitude.
This transient effect has been observed [18]. Thus the
measured SFP, shown as open circle in the lower part of
Fig. 1 for b < by, is given by

1 /
vV ,Ba:Iz,SFP = '2‘ a:'zneasured - ,Ba:ez- (28)

It is worth mentioning that the response observed at the
bifurcation point during the downward tune ramp may
depend on the ramping speed and the radiation damping
rate. If the radiation damping rate is faster than the
tune ramp measurement rate, then the factor of % in
Eq. (28) should be replaced by 1. In both cases, the
data will exhibit hysteresis phenomena. However, if the
tune ramp measurement rate is slower than the rate of
quantum fluctuation, which characterizes the rate that
beam particles can jump from one island to the other due
to quantum fluctuation, then the hysteresis phenomena
may disappear. In the present analysis, we have assumed
a fast tune ramp measurement rate and a small quantum
fluctuation rate.

The deduced parameters are Q, ¢ = 0.074 + 0.0005,
oy = —1.4 x 108, m™!, and |g| = L—‘/EO_ x 1078 ml/2,
where 3, m is the betatron amplitude function at the
location of profile monitor. Because of the uncertainty
in the data analysis, we assign an error bar of 0.1 mm in
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v/BzI; srp which reflects 10% variation in our deduced
parameters «; and g. The SBR Hamiltonian is therefore
only determined up to a scaling factor. Calculations and
measurements of machine parameters, such as a.., 3.,
etc., can be used to confirm the validity of the model for
data analysis. It is possible to formulate a more sophisti-
cated model by making ensemble sum of particle motion
with a given distribution function. For simplicity, I defer
these detailed studies to the future. Similar analyses for
tune ramp measurements at v, —2Q, and v, —3Q, can be
performed to test the consistency of the present model.
The source for the vertical SBR may be determined from
these data analyses.

B. The 2v, + m,Q, = £ SBR resonances

Near a 2v, + m,Q, = ¢ SBR resonance, the Hamilto-
nian can be approximated as

- I"%'(Qsla + %asaIgz)

+G1; cos(2¢; + msths — €0 + 7). (29)

H=vI,+ ’%aa::clz

Using the generating function
ms 4 y
= — s — =0+ = | I s 12,
Fy (1/)34-21,[)5 2 +2>1+¢ 2

the Hamiltonian in the resonance rotating frame becomes

H = Hy(I,,%1,12) + Hy(I3), with Hy(I3) = ‘T?,T(stz +
Ja,,I3) and

1
H]_ = 6111 + EalIf +§Il COSZ’lpl, (30)

which is identical to that of the second order parametric
resonance system [19]. Here §; = v, — I%I 5 (Qatagsl2)—

% is the resonance proximity parameter, a; = azy —

2
I%I%La” is the effective resonance detuning parameter,

I, = I, and I = I, — %*I,. Hamilton’s equations of
motion are given by
Y1 =01+ ardy + Geos2¢y, I, = 2§l sin2¢;. (31)
In the case of zero detuning, i.e., a; = 0, the constant
Hamiltonian flow is given by

Hl = 51[1 +g11 C0821/J1 = El.

Let us define X = /I cos9,,P = /I;siny;. The
Hamiltonian flow is given by

(64+3)X2%+ (6, — §)P? = E;. (32)

Thus when |6;] < |j|, the Hamiltonian flow becomes
hyperbolic, which gives rise to large betatron oscilla-
tions bounded only by the conservation law of I = con-
stant. Because I, > I, particle loss would occur. When
|6| > |g|, the Hamiltonian flow is elliptical. The stability
of particle motion therefore requires |6;| > |g|.

When the detuning parameter is not zero, the fixed
points are given by

e & g 5 g
; 0 1f;}>|;‘%|, ;';<—1;f;|
1,SFP =
) g 0 8 g
~B 4 E i h <,
o s g
; 0 if (2] < [Z]
1,UFP =
_9 — |4 iféL<_|_i
ag aq ay — ap !°

Figure 2 shows the relation of the '%L‘Il,spp and

[%’“IILUFP as a function of ( = ﬁh% The bifurca-
tion of resonance islands occurs at { = 1 and —1. To
ensure small SBR effect on the beam, ( > 1 and { < (,
where the parameter (. is determined from the condition
that the UFP of the Hamiltonian is outside the betatron
beam width. If the resonance strength is small so that
the SFPs are located inside the dynamical aperture, then
the beam bunch will split into two or three beamlets in
the betatron phase space. These beamlets are rotating
in betatron phase space at the tune of v, + %m,Q, - %.

Experimental measurements of 2v, —2Q, = £ at CESR
Cornell (see Fig. 3 of Ref. [7]) showed that the vertical
beam size was increased by a factor of about 10%. Here
we assume that the measured beam size is the equilib-
rium beam distribution in the presence of the nonlinear
detuning and a weak SBR resonance. In the region of the
tune space |8;| < |g|, the beam distribution resembles the
shape of a dumbbell in the betatron phase space. (Since a
beam bunch is composed of particles of different betatron
and synchrotron phases, the actual beam distribution is
an O-ring in this case.) The maximum beam size should
correspond to the maximum width of the dumbbell with

Ispp = 2|Z| at §; = —a%. Thus the ratio of beam size
is given by
Ispp + €. ~ 1.1,
GZ

where ¢, is the intrinsic beam emittance of the beam and

|

L4

e

-2 -1 ) 1
o 6

fe | g1

FIG. 2. The actions of SFPs and UFPs divided by a nor-
malized resonance strength for the second order SBR are plot-
ted as a function of the normalized resonance proximity pa-
rameter.
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the factor of 1.1 is obtained from Fig. 3 of Ref. [7]. Thus
we obtain Ispp =~ 2[;‘(’;] =~ 0.2¢,. This estimation gives
only the ratio of the resonance strength to the nonlinear
detuning parameter. To measure all parameters for the
SBR Hamiltonian, ramped tune measurements to observe
hysteresis phenomena would be very helpful.

When the betatron tune is ramped such that ( is de-
creasing from above 1, the rms beam size will increase
according to /0. (e; + Isrp) shown in Fig. 2. The rms
beam size will continue to increase beyond the second
bifurcation point at { = —1. At some critical parameter
¢ = (1 < —1, the outer island becomes too small to
contain the beam and then the beam size will decrease
suddenly. On the other hand, when the tune is ramped
such that the parameter { -+ —1_ from below, the beam
size will remain small until the inner island is too small
to contain the bunch at { = (n2 < —1. Above (2, beam
particles in the bunch may execute transient betatron
oscillations about the outer SFP. This will result in a
larger beam size than that of the downramp measure-
ments. This effect depends on the radiation damping
rate and the ramping rate as discussed earlier. The hys-
teresis phenomena can be measured when the condition
[Ch1 — Ch2| > 1 is satisfied.

Alternatively, one can also measure the sharp transi-
tion edge and the slope of the beam size increase at the
first bifurcation point (53 = 1 to determine two param-
eters of the SBR Hamiltonian. Measurements of other
machine parameters, such as a;, 3, etc., are needed to
determine the Hamiltonian completely.

C. The 3v, + m,Q, = £ resonances

The Hamiltonian near the third order SBR can be ex-
pressed as

H=v.I, + Yo, I? - '—Zl(Q,I. +1a,,I%)

+GI3/2 cos(3hy + mah, — £0 + 7). (33)

Using the generating function
ms £ ¥
F; = ("/’z + -3—1/)3 - §0+ 5)11 + 512,

the Hamiltonian in the resonance rotating frame becomes
H = Hy (L, %1, I2) + Ha(I2), with Hy(Iz) = —5(Q. 1> +
30,,12) and

Hy =61 + %alIf + G127 cos 34h,. (34)

Here 6, = v, — I—;L]%*(Q, + a,.12) — % is the resonance

2
proximity parameter and a; = azz — I_?i-l Bta,, is the ef-
fective resonance detuning parameter. Hamilton’s equa-
tions of motion are given by

. 3. : - .
P =61 +al; + §gI11/2 cos3y,, I = 3glf/2 sin 3¢ .

(35)
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The equation for fixed points of the Hamiltonian is given
by

w? + gbw +a=0, (36)
with
w=I11/2cos31/)1 (sin3y, = 0), b=6—1, a=2.
(e 3] aq

The solutions are given by

ifb>(2a)? ,b<0

. 0

2 =

1,SFP { Sla| +/(3a)2 —b  if (3a)2 > b,
el /(G 3| it (o’ 20

Figure 3 shows fixed points ﬁ,/[l‘pp as a function of

ﬁ;. Note here that the resonance islands bifurcate at b =

1
2 —
Il,UFP -

%|a|? and 0. At a sufficiently small sideband resonance
strength, which yields I; spp X Iy rms, the beam will also
split into three or four pieces. Such sideband resonances
may also display hysteresis phenomena.

D. Comments on 3D synchrotron resonances

When a 3D synchrotron sideband resonance m. v, +
myv, — l—:”—lm,Q, = £ is encountered, the Hamiltonian
can be approximated by

H-= HO(Iza Iza Ia)

o Ime| |ms
+gl:? 1.7 cos(mztpy +m,y, + metp, — £0 + 7).
(37)

Using the generating function

m,

F2= (¢'z+ ¢z+ﬁ¢s_ :

My m Mg

o+ mi)11+¢zfz+¢,13,

3.0....|,...|.rr.
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N I
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FIG. 3. The square root of the actions of SFPs and UFPs
divided by a normalized resonance strength for the third order

SBR are plotted as a function of the normalized resonance
proximity parameter.
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we obtain I, = I, I, = —111 + Iz, and I, = = 1; +
Is. The Hamiltonian in the resonance rotating Frame
becomes H = H1(11,1[)1,12,I3) + Hz(Iz) + H3(I3) with
HZ(IZ) = VzIzz + %aznga H3(I3) = "IZ_|(QBIB + %assIg)
and

Img |

2
1) cos mgzy.

1 _ mel
H1 = 51[1 + 5011112 +!]11 2 (

T

(38)
Here 6, = (Vz + O‘zzIZ) + %:(Vz + auIz) |"I| (Qs
£

asel3) — — is the resonance proximity parameter and

o = Qpp + 2750, + %%azz - l—:ﬁ%%a” is the effective
resonance detumng parameter.

The Poincaré surface of section of Eq. (38) for 3D syn-
chrotron resonances resembles that of 2D resonances [20].
Without detailed analyses of the Hamiltonian H; in res-
onance rotating frame, observations pertinent to beam
stability can be stated as follows. Since I3 is invariant
and I, > I, ., the longitudinal action works as a reser-
voir in the dynamics of particle motion. Because I, is
conserved, the transverse amplitude growth will be much
larger for the transverse sum resonance sidebands. The
transverse growth will be finite for sidebands of trans-
verse difference resonances, where Fjaz - Ficr is invari-
ant across the resonance Experimental observations in
LEP showed that 02 + 02 was indeed invariant across the
vy —V;+Q, = £ resonance [9]. It remains to be confirmed
that B, = (3, at the beam profile measurement location
because the proper invariant for v, — v, + Q, = £ SBR

2 2
is g—i + ;—‘ To achieve further detailed understanding of

x z
the 3D resonance, measurements of Poincaré maps are
essential.

IV. CONCLUSION

The Hamiltonian for the synchro-betatron coupling
was discussed in the action-angle variables conforming
with the transverse actions. The nonlinear detuning pa-
rameters in the synchrotron phase space are found to be
small in comparison with that of betatron detuning pa-
rameters due to octupoles and sextupoles. Because of a
large ratio between the longitudinal and the transverse
actions, particle loss via transverse phase space will occur
near a SBR, where the dependence of the stop band width
on the resonance strength and the nonlinear detuning pa-
rameters are also discussed. Because of synchrotron radi-
ation damping, the beam bunch may split into beamlets
converging toward SFPs of the Hamiltonian flow. These
beamlets are orbiting in the betatron phase space at the
tune of v, + —'—Qs — mL A high resolution fast tim-
ing profile monitor may be used to measure these stable
fixed points (attractors), which may also exhibit hystere-
sis phenomena. However, it is worth pointing out that
a beam bunch consists of particles with different syn-
chrotron and betatron phases. Therefore “a stable is-
land” is actually a ring of islands in the betatron phase
space. It may be difficult to resolve the ring of beamlets.

A better experiment would require synchrotron and beta-
tron phase space tracking following a coherent synchro-
betatron excitation to a beam bunch with small phase
space area (a macroparticle).

Measurement of SFPs of the Hamiltonian can be used
to determine the SBR Hamiltonian. The ramped tune
measurements in LEP was used as an illustrative ex-
ample. The parameters of a SBR Hamiltonian can be
derived from the experimental hysteresis curves. Once
the resonance parameters are obtained, one may design
a SBR corrector to cancel the SBR harmonic near the
operation tunes.

We have discussed mainly single particle dynamics
near SBRs of low order betatron sideband synchrotron
resonances. When beam-beam interactions [13,14] are
included, high order betatron sideband SBRs have been
observed [3]. The nonlinear detuning model used in
this paper should be modified to reflect the nonlin-
earities of the beam-beam interaction. More recently,
there are many experimental observations on the 3D
MgVy +myv, + m,Q, = £ resonances [7,9]. Further stud-
ies on these resonances may be important for future high
luminosity colliders.
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APPENDIX A: NONLINEAR DETUNING
OF SYNCHROTRON MOTION

The unperturbed Hamiltonian for the synchrotron mo-

tion in the conjugate phase space variables (%q&, —%f) is
given by

1 _(Ap\?

et (2)
2 Do
2R
—h;|77| [cos(¢ + ¢s) — cos s + Psing,],  (Al)

where v, = 4/ %;%‘—f—g is the synchrotron tune of a station-

ary bucket at small amplitudes. Hamilton’s equations

are given by

Ap Ap v?

hn — = —2[sin(¢ + ¢,) — sin ¢,].
¢ Po hi’?l[ ( ) ]
The action for a torus H, = E; is given by
1R Ap 4 [AeVs]
= d =4.771 x 10° ———= , (A2
*T2mh = X100 g Gevy ™ (A2)

where synchrotron tune is given by 4E; and A is the

dI,
area in the conjugate phase space variables (¢, — AE

The action varies from 0 to a maximum value given (by
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I,= 3 Wa(g&,) where a(¢,) = H—::E—% is the running
bucket reduction factor.
Let Q, = vs4/|cos¢,| be the synchrotron tune of

the running bucket at small amplitude. The solution
of Hamilton’s equations in the first order perturbation

theory is given by
Ap 21,Q, .
= - siny,. (A3
po | Tl Y A9

¢=1/g1—&’¥cos¢,

The nonlinear detuning term can be obtained perturba-
tively by substituting the first order solution into the
Hamiltonian and performing canonical perturbation cal-
culations. The result is given by

n (QgIg + %asalf + - ')a

H.s = -1 (A4)
||

with
Olgs = h I17'(1—}- tan? s).

The synchrotron detuning parameters a,, for some stor-
age rings are listed in Table I. These nonlinear detuning
parameters are found to be of the order of —10 m™1,
which is small in comparison with that of the transverse
nonlinear detuning parameters a;, etc., which are of the
order of 10% — 10* m~? for high energy storage rings.

The conjugate angle variable v, can be obtained from
the generating function

Fy($1) = —/$ (’;{f’) ag,

oF,  [*0(3D)
W) =G = |, 4"

with
(A5)

Thus the synchrotron phase integral of Eq. (8) can be
transformed into an integral over ¢ variable [21]. Mak-
ing a smooth approximation for the synchrotron motion,
the evaluation of the SBR strength is reduced to the cal-
culation of the following integrals:

fcos(d) + )™V Py,

fsin(d) + ¢,)€im¢'(¢)d¢m

quneimtb.(tﬁ) dis,

etc. These integrals can be integrated by using the coor-
dinate transformation of Eq. (A5).

APPENDIX B: SCALING PROPERTIES OF THE
ACTION VARIABLES IN SYNCHROTRONS

The emittance of the electron beam in an isomagnetic
storage ring is given by

2 2 3

(B1)

where C; = 3.84 X 10713 m, p is the bending radius,
and j, is the damping partition number in the horizontal
phase space. The average of the dispersion action is given
by (H) = Fp8#3, where F is a scaling constant and 6,
is the bending angle of dipole(s) in a half cell. For a

lattice with periodic focusing and defocusing (FODO)
cells, F =~ 4 1;1:=7issl:. ; ,
of a FODO cell, and for the minimum emittance double

bend achromatic (DBA) lattice, F = \/_
The longitudinal action is given by

where ® is the phase advance

1R (AE’ Rl , * (B2)
9

S G MU s

where j. is the damping partition number in synchrotron
phase space. Note here that the longitudinal action is in-
versely proportional to the synchrotron tune. For a DBA

2
lattice, the momentum compaction factor a = é.pa
Thus the ratio of the longitudinal action to that of the
horizontal one is

I gopr L 005

L NS M
where M is the number of superperiods for the double
bend achromat. Note here that the ratio is independent
of energy and is inversely proportional to v,. The ra-
tio increases with the number of cells. A similar con-
clusion can be reached for a lattice with FODO cells.
The damping rings of future linear colliders achieve their
small emittance by using many FODO cells with small
04 and employing hlgh betatron phase advance in each
FODO cell. The ratio —'— is about 3 x 103.

For proton storage rlngs a typical rms normalized
emittance of a beam is about 47 mm mrad for 10!! par-
ticles per bunch. Thus the action for an rms particle is
about

(B3)

2
I,~I,~— m.
* By *
Similarly, the rms longitudinal phase space area is about
0.2 eVs. Thus the rms longitudinal action is given by
1
I, ~ — x 10* .
™5 10° pm
The ratio £ will be about 5 x 10 in all cases.

More recently, many low energy storage rings with elec-
tron cooling have been constructed for atomic and nu-
clear physics research. The longitudinal cooling rate is
usually an order of magnitude larger than the transverse
cooling rate. Because a low energy beam is usually dom-
inated by the space charge effects, the ratio of rms lon-
gitudinal action to the transverse actions are actually of
the same order of magnitude. As an example, the rms
action of the bunched beam at the Indiana University Cy-
clotron Facility Cooler was found to be about I, = 0.025
pm at 45 MeV kinetic energy for a beam intensity of
about 5x10% protons. The corresponding longitudinal
action was found to be about I, ~ 54 ym. Thus the
ratio is about 2x103.
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