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Here we will derive the general theory of the beam-breakup (BBU) instability in recirculating linear
accelerators with coupled beam optics and with polarized higher-order dipole modes. The bunches do not
have to be at the same radio-frequency phase during each recirculation turn. This is important for the
description of energy recovery linacs (ERLs) where beam currents become very large and coupled optics
are used on purpose to increase the threshold current. This theory can be used for the analysis of phase
errors of recirculated bunches, and of errors in the optical coupling arrangement. It is shown how the
threshold current for a given linac can be computed and a remarkable agreement with tracking data is
demonstrated. General formulas are then analyzed for several analytically solvable problems: (a) Why can
different higher order modes (HOM) in one cavity couple and why can they then not be considered
individually, even when their frequencies are separated by much more than the resonance widths of the
HOMs? For the Cornell ERL as an example, it is noted that optimum advantage is taken of coupled optics
when the cavities are designed with an x-y HOM frequency splitting of above 50 MHz. The simulated
threshold current is then far above the design current of this accelerator. To justify that the simulation can
represent an actual accelerator, we simulate cavities with 1 to 8 modes and show that using a limited
number of modes is reasonable. (b) How does the x-y coupling in the particle optics determine when
modes can be considered separately? (c) How much of an increase in threshold current can be obtained by
coupled optics and why does the threshold current for polarized modes diminish roughly with the square
root of the HOMs’ quality factors. Because of this square root scaling, polarized modes with coupled
optics increase the threshold current more effectively for cavities that have rather large HOM quality
factors, e.g. those without very elaborate HOM absorbers. (d) How does multiple-turn recirculation
interfere with the threshold improvements obtained with a coupled optics? Furthermore, the orbit
deviations produced by cavity misalignments are also generalized to coupled optics. It is shown that

the BBU instability always occurs before the orbit excursion becomes very large.
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L. INTRODUCTION

In several applications of linear accelerators, the charged
particle beam passes through the accelerating structures
more than once after being led back to the entrance of the
linac by a return loop. By this method the linac can either
add energy to electrons several times, or it can recapture
the energy of high energy electrons after they have already
been used for experiments. The former technique is re-
ferred to as recirculating linac, the latter as energy recovery
linac (ERL) [1].

ERLs have received attention in recent years since they
have the potential to accelerate currents much larger than
those of nonrecovering linacs, and since they have the
potential for providing emittances smaller than those in
X-ray storage rings at similar energies and for similar beam
currents. This is due to the fact that the emittances in an
ERL can be as small as that of the electron source, if
emittance increase during acceleration can be avoided.

There are operating ERLs of relative small scale at
TINAF, JAERI, and Novosibirsk, and several laboratories
have proposed high power ERLs for different purposes.
Designs for light production with different parameter sets
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and various applications are being worked on by Cornell
University [2,3], Daresbury [4], TINAF [5], JAERI [6],
Novosibirsk [7], and KEK [8]. TINAF has incorporated an
ERL in its design of an electron light-ion collider (ELIC)
[9] for medium energy physics, while BNL is working on
an ERL-based electron cooler [10] for the ions in the
relativistic ion collider (RHIC) and a future electron-ion
collider (eRHIC) [11] based on ERL. The first international
ERL workshop with over 150 participants in early 2005 has
also shown the large interest in ERLs that is prevalent in
the accelerator community.

One important limitation to the current that can be
accelerated in ERLs or recirculating linear accelerators in
general is the regenerative beam-breakup (BBU) instabil-
ity. The size and cost of all these new accelerators certainly
requires a very detailed understanding of this limitation. In
[12] we have described this theory for particle motion in 1
degree of freedom. Here we generalize this theory to 2
degrees of freedom, i.e., to accelerators with polarized
HOMs and x-y coupling of the particle optics.

For 1 degree of freedom, a theory of BBU instability in
recirculating linacs, where the energy is not recovered but
added in each pass through the linac, was presented in [13].
This original theory was additionally restricted to scenarios
where the bunches of the different turns are in the linac at
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about the same accelerating radio-frequency phase, such as
in the so-called continuous wave (CW) operation where
every bucket is filled. The theory was generalized in [14] to
include the case of a subharmonic bunching scheme in the
operation of such linacs. Tracking simulations [15] com-
pared well with this theory. This theory determines above
what threshold current I, the transverse bunch position x
displays undamped oscillations in the presence of a higher-
order mode (HOM) with frequency w . If there is only one
higher-order mode and one recirculation turn with a recir-
culation time ¢, in the linac, the following formula is
obtained for T, sinw ¢, < 0:

22 1

R . N )
e(@)/\QAw,\ T, sinw,t,

)

Iy, = —

where c is the speed of light, e is the elementary charge,
(R/Q),0, is the impedance (in units of ) of the higher-
order mode driving the instability, and Q, is its quality
factor. In the case of 1 degree of freedom, T}, = T, is the
element of the transport matrix that relates initial
transverse-momentum p, before and x after the recircula-
tion loop. A corresponding formula had already been pre-
sented in [16]. Occasionally, additional factors are found
when this equation is stated [17-20], notably an exponen-
tial factor of e” €, € = % In [12] it has been shown that

such additional factors are not required.

Especially [20] might support the false impression that
an exponential factor should be contained in Eq. (1) be-
cause that paper provides exact formulas for two special
cases, where (a) the bunch distance equals the length of the
accelerator loop or (b) it equals half that length, which are
both written with the noted exponential factor times an
additional factor that tends to € for small €. However,
Eq. (1) is a linearization with respect to € and thus only
applies where ee™ € = €. A second order analysis shows
that in case (a) the exponential leads to a second order in €
that deviates from the correct factor by as much as that of
Eq. (1), only the sign of the deviation is reversed. In (b),
using the exponential factor actually increases the error of
the second order term.

The beam transport element 7', appears since a HOM
produces a transverse-momentum p, during the first pass
of a particle. This produces a transverse position of x =
T, p, when the particle traverses the HOM for a second
time, and this in turn excites the HOM itself by means of
the wake function Wx = WTy,p,.

When the mode is polarized with an angle 6, the kick
produced during the first turn corresponds to the momen-
tum (p,, py) = p(cos6, sinf). With a coupled optics, the
resulting orbit displacement when the particle reaches
the HOM after the return loop is X = p(T,cosé +
T,48in6, T3, cosf + T3, sinf). This excites the higher-
order mode by the projection of this displacement onto
the wake function, W - ¥ = Wp[T,c0s20 + (T, + T3,) ¥
sinf cosf + Ta,sin’6].

The HOM therefore produces a transverse kick that
feeds back to itself, exactly as in the case with 1 degree
of freedom, only that 7, needs to be replaced [21] by

T}, = T15c08°6 + (T14 + T3;) sinf cos® + Taysin6. (2)

While Eq. (1) is derived with one HOM, for 1 degree of
freedom it is often a good approximation even when the
cavity has several higher-order modes. It was shown in [12]
that different HOMs can be treated individually when their
frequencies differ by more than about 2% This statement

does not hold for 2 degrees of freedom as will be shown in
this paper. Modes cannot in general be treated indepen-
dently, even when their frequencies are separated by much
more than the width of the HOM’s resonance.

An optics configuration that makes 77, close to zero in
order to make the threshold current very large has been
proposed [22,23] and tested for coupled beam transport
and polarized HOMs. This is a good technique when there
is one dominant HOM. When there are several modes this
approach does not apply directly, even if these modes are
separated by more than the width of their resonance. This
statement goes contrary to general wisdom, for example, as
presented in [24], but it will be proven in the remainder of
this paper.

The paper is arranged as follows: first, a dispersion
relation for the current Iy(w) is derived including coupling
in a single-turn recirculating linac with one cavity having
multiple polarized HOMs. The smallest real value of I
that can be obtained with real w determines the threshold
current. Analytical solutions are given for the case of two
polarized HOMs in one cavity. It is explained how the
dispersion relation for this simple case can be solved
efficiently on a computer, and comparisons to analytical
approximations are presented. Approximations are then
given for N polarized modes in one cavity. Subsequently,
a dispersion relation for multiple cavities and multiple
recirculation loops is derived that can only be solved
numerically with similarly efficient techniques. Finally,
misalignments of cavities are considered to investigate
when these misalignments lead to a very large static dis-
placement of the beam orbit.

II. N POLARIZED MODES IN ONE CAVITY

For simplicity we are here investigating one cavity with
N higher-order dipole modes (HOMs), each having a po-
larization angle 6, to the horizontal. Note that slightly
polarized cavities often have at least two HOMs with
similar characteristics, and looking at a single polarized
HOM can therefore be misleading.

The unit vector in the direction of the polarization is
€, = cosf,é, + sindé,. The effective transverse voltage
in each HOM is V,, so that a particle traversing this HOM
obtains a transverse-momentum change of £¢,V,. When 1%
is the vector of all these N voltages, then the momentum
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change is

Ap==EV, E=(&...8y) (3)

ol

When the particle returns to the cavity after the return time
t,, the particle’s position has changed by

T=<T12 T14>_ @

Ax(f) = TAp(t — t,),
(') P ) Ty Ty

This position will increase the voltage in V,(¢) by the
projection of the mode’s wake function W, (¢t — #')é, onto
AX(¢') times the charge I(¢')dt’ that excites the field, i.e.
It YW, (¢t — ¢')é, - AX(¢')dr'. Integrating over all contribu-
tions to the HOM potentials leads to

O /j I(YW(t — DV — )dd (5

with

W = diag(W,), D =E'TE (6)

and therefore

D, = Tiyc08°0, + Tsysin®f, +

Ty + T
32 T8 5 % sin26,,,

D,, = Ty, cos6, cos, + Tz, sinb, sind, ()

"
+ T3, 8inf, cos, + T4 cos6, sind,.

Here I(¢') is the current of the bunches that have already
traveled for one turn; in the approximation of short
bunches it is given by

I1(t) = Iyt i 8(t — t, — mty), (8)

m=—0o0

where ¢, is the period of bunches. This transforms the
integral equation into

V() = Iogtb > W1, — mt,)DV(ms,),  (9)
where W, (¢) = 0 for r =< 0.
The Laplace transform of V(z) can be written as

- 1
w

—o0—ic

0 —icy

Vs(w)e @da’,  (10)

where 0 < 6 <1 and ¢ > 0. With the following definition

> 2 = 2
=3 _
= \% +—n), 11
Vi) = 3 V(e ) an
one obtains
Vi) =1, > V(n+ sl (12)

. DY . . g . . .
Since V5 (w) is periodic with 277/1,, it has a Fourier
series, and its Fourier coefficients are V([n + &]¢,), which

23 . .
shows that V5 (w) does not vanish. The transverse motion

is stable when V(w) is zero for all w with positive imagi-
nary part. If the current is increased the motion can become
unstable at which point V(w) is nonzero for at least one w
with positive imaginary part. At threshold it is therefore
nonzero for a real value of w.

As in [12] we will use ¢, = (n, — 8)1;, to allow for all
recirculating phases, e.g. 6 = % for an ERL. The integral
equation now leads to a relation for these coefficients,

e e -
IV (w) = ;tg > W(n—n,—m+8lt)

m,np=—00

X DV (mty)e'

= Seiomts W (0)DV (o). (13)
C

This formulation shows that V3 () is an eigenvector of the
matrix on the right-hand side, and the corresponding ei-
genvalue is 1/1;. Its solution is therefore very similar to the
matrix theory for BBU computation without coupling in
[13]. The threshold current can thus be determined by
finding the largest real eigenvalue of this matrix for any
real w. Because of the symmetry properties W?(w +

27) = W;(w) and Wi (—w) = W3*(), it is sufficient to

investigate w € [0, 7/1,,] to find the BBU threshold cur-
rent,

It = g max{AIei“’"thWE(w)DV = AV,
AER wel07/t,]. (14)

A. Two polarized HOMs in one cavity

For a large number of HOMs this equation should be
solved numerically, but for two HOMs an analytical solu-
tion is simple. The characteristic polynomial for the eigen-
value 1/1; becomes

=0, (15)

(i_l - D“Wl

_ —Dyowy >
—Dyyw,

171 - D22W2

with [ = <2 "]y and w, = L ¢'*%%(W3),,. Solving this
quadratic equation leads to
Dyywy + Dyywy

2

D - D 2
* \/(—11W1 22W2> + W1W2D12D21.

¢ iwt, 1
— e it -1 —
etb 0

2
(16)

To increase the threshold current, the right-hand side of this
formula should be small. The matrix D is determined by
the mode polarization and by the linear particle optics. It
has been suggested [21,22] to use these parameters to
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increase the threshold current. These suggestions amount
to reducing the right-hand side of Eq. (16) by making D,
and D,, small. This is always a valid strategy if there is
only one HOM, i.e. w, = 0. Then

Dy, = T1,c08%0, + Tyysin’6, + % sin26; (17)
and a horizontally (6, = 0) or a vertically (¢, = 7) polar-
ized mode together with a beam transport that fully couples
the vertical to the horizontal motion and vice versa, i.e.
T\, = T34 = 0, would always lead to D;; = 0 so that there
would not be any threshold current. A formula for this case
has been derived in [21].

For the case of two or more HOMs this method is no
longer as effective, even when the modes have very differ-
ent frequencies. In fact it has been suggested that, in cases
with several modes, each mode could be considered sepa-
rately when each cavity mode has a resonance width which
is significantly smaller than the frequency separation be-
tween modes [21]. This is however not correct and it will
be seen shortly that the described method that would seem
to increase the threshold current when all modes are con-
sidered separately is not as effective even when mode
frequencies differ by much more than the resonance width.
This is especially important when there are two HOMs of
similar properties, for example, in nearly cylindrically
symmetric cavities. To see this effect, we distinguish three
cases.

1. Circular symmetry
For circular symmetric cavities there are two equivalent
modes with perpendicular polarization, w; = w,, é; = é,,
é, = Ey leading to D =T,

I c e*i(wt,wﬂ?t)
0 €tb Ttwl ’
. T, +T T, — Tz4\2
T, e = 12 - 34i\/< 12 . 34) b Ty T,
with T, € R¥, (18)

where the threshold current is the smaller of the two values
obtained with the equation for + and for —. For T}, =
T54 = 0 this case has been considered in [25]. If there is no
coupling, T, = |T};| and T_ = |T3,|. This result is
equivalent to what has been found in [12] for motion in 1
degree of freedom.

As in [12] we now use long-range wake functions of the
form

R\ O} w000
W)\(T) = (é))‘TCe A A Sm(w/\T)) (19)

where O, is the quality factor, w, is the frequency, and
(R/Q), is the impedance in units of ) for the linac

definition (2 times the circuit definition). As shown in
[12], |w,(w)]| is especially large when w is close to w .

When motion in only one dimension is considered as in
[12], one obtains

Iy~— . (20)

For simplicity we again use XK, = ,[(ew})/(2c)](§)a

and €, = ‘;&'A” . For n,e, <1 this leads to the approxima-
tion
_2¢ 1 .
I~ XK, Ty sin(w,i,) for T, sin(w t,) <0,
th =

_2 g2 4 (mod(w,t,m)y2
K“lel\/e)‘—i-( . ) else.

21

For €, < 1 but n,e, > 1, the approximation derived in
[12] is

26/\

Iy, =~ ———.
" XKIT

(22)

In the case of coupled optics exactly the same approxi-
mation and derivation therefore leads from Eq. (18) to

_ 2¢e) 1

K, Tosin(wyt, +0) if it is > 0,

I+ =
th+ :Kth \/G%\ + (mod(w).;,fﬁi,w))z else.
(23)
For e, < 1butn,e, > 1,
26/\
Iy = . (24)
' K, T

The threshold current is given by I, = min(/y,~).

To clarify the case considered here, we use typical
parameters for the two HOMs: Q, = Q, = 10,
@1 =@)2=100Q, v, =w, =27X22GHz, 1, =
1/1.3 GHz, n, — 6 = 5.5. For a decoupled optics with
Ty = —10_6ﬁ, T,, = T, = 0, we obtain a threshold
current of I;, = 46.40 mA that agrees to all specified digits
when computed by particle tracking and by the approxi-
mation in Eq. (24). For a very much coupled beam trans-
port (abbreviation x = —107° e\‘}“/c is used below), the
following threshold current is obtained:

1 X 1 3x
1
0 -1 0 1

(25)

Again the threshold current computed by particle tracking
and by Eq. (23) agrees to all specified digits.
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2. Small coupling

We refer to the case with |Djw; — Dyw,|? >
|wiw,D1,D5;| as small coupling. This denomination is
motivated by the fact that, when one mode is polarized in
x and one in y direction, this case occurs when the optical
coupling is small, as can be seen in Eq. (7). Equation (16)
simplifies to

c e—iwt,

ety D/\AW/\,

(26)

with A being either 1 or 2.
The approximation that leads from Eq. (20) to Eq. (21)
can again be used and it leads to

26/\ 1

—-—=—————— forDy,si t,) <0,
XKy Dsin(@,t,) or Dy sinfw,t,)

Iy, =

27)

and similarly an approximation that corresponds to
Eq. (22) is valid. This formula has been used to argue
that an optics with very small |D,,| could be built with
extremely large threshold current. But this equation does
not apply when the |D,,| are too small, since then the
following case has to be considered.

3. Strong coupling

We refer to the case with |[Dy;w; — Dypw,|? <
|wyw,D,D,;| as strong coupling. This case is especially
relevant when the mentioned coupling techniques have
been used to make D;; and D,, very small. One obtains

2 —iw2t,
B2~ <i> ¢ (28)
ety) wiwyDyrDyy

At the threshold current only one of the functions in the
denominator will be very large and we call this w,. The
other mode will be indexed by ».

In [12] a first order approximation in Awt, =
(w — wﬂ)tb and €, is used to obtain Egs. (21) and (22).
Here we again expand to first order in these quantities,
which is simple since w, ! is linear in them so that w, ' can
be evaluated at Aw = 0 and €, = 0, leading to

c e—i(th,<+19)

~— 29
0 et, Tw 29

with Te'? = w (w,)D12Dy, T € R*. Note that the
exponent contains 2¢, instead of .. The approximations
that correspond directly to Egs. (23) and (24) can again be
applied.

In [12] w, is evaluated for the long-range wake function,
leading to

_(R\ o3
b <Q>A4C

€iw+(571)tb Sin(w,\ﬁtb) - eiaaﬁtb Sin(w,\[ﬁ - l]tb)

X
cos(w*t,) — cos(w,1,)

(30)

Note that here w, is defined without a phase factor e 1%
compared to [12] to simplify the notation. For an ERL,
where § = 1/2, one has

= (5) a)_%\ cos(w™ %) sin(w, % 31

Q) 2c cosw™t, — cosw,t;,’

with w1, = wt, + i€,. Then © = w, + Aw with the

small quantity Awt,. We assume that also €, = %Z is

small, which is usually the case whenever BBU is relevant.
A first order expansion in these small quantities leads to

2¢" 12 (Awrty, + i€,) cos(w,1,) — cos(w,1;)

3=
K, K,D;Dyy

cos(w,, %) sin(w, %)
(32)
If I, is the threshold current I, the right-hand side has

to be a real number, requiring Awt,sin(w2t,) =
€, cos(w?2t,). This leads to

P~ 2e, COSW , 1), = COSW 1},
te K, K, DiaDy cos(w, L) sin(w, 2) sin(w ,2t,)

(33)

whenever this term is positive. Whenever it is negative, the
following approximation follows from [12]:

) 2
I ==
=K, K,

COSW 1) — COSW 1),

D,D;; cos(w,, %) sin(w, %

d 2t,, 2
X \/Ei + <w> . (34)
nr

For €, K 1 but n.€, > 1, one obtains

P~ 2€,

e K, K,

COSW 1), — COSW ),

(35)

D 13Dy cos(w, %) sin(w, %

These formulas are to be evaluated for u =1, v =2
and for u = 2, v = 1, and the smaller of the two resulting
currents is the threshold current,

Iy = min{ly,, (1 € {1,2}}. (36)

An interesting observation is that for two modes with
similar Q,, (g) 1 and w, the ratio of the threshold current
with and without coupled optics can be found by compar-
ing Egs. (33) and (27) and it is proportional to /1/€,
\/O,. For cavities that are optimized for large currents by
means of sophisticated HOM damping, the advantage of a
coupled optics therefore decreases. This effect is indepen-
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logm Im (A))

6 8 10 12 log,, (Q)
FIG. 1. (Color) The threshold with two modes in one cavity
scales with Q™! for a decoupled (red, bottom curve) and with
Q~1/2 for a fully coupled optics (blue, top curve). The advan-
tage of coupling thus diminishes for low Q.

dent of the length of the return loop and is already relevant
for a single cavity.

Figure 1 refers to a linac with one cavity and ¢, =
555.51, that has two HOMs, one with f| = w,/27 =
2.2 GHz polarized in x and one with f, = w,/27 =
2.3 GHz polarized in the y direction, (g) =100 , and

Q = Q, = Q,isvaried. The red curve (top data) refers to a
decoupled optics and the blue curve (bottom data) to a fully
coupled optics with T}, = 0 and T3, = 0. The data with
Q > 10'0 are practically not relevant today but are shown
to demonstrate the scaling with Q. A double-logarithmic
plot is shown, which makes it apparent that the threshold
current for a decoupled optics with T}, = 107 vy de-
creases with Q!, as indicated by the line with slope —1. A

log,o (I (mA))
3 .

3.8 4 4.2 4.4 4.6
log,, (Q)

FIG. 2. (Color) Scaling with Q of the threshold increase due to
coupling for the x-ray ERL upgrade of CESR. Red, bottom
curve: scaling with Q™! for a decoupled optics. Blue, top curve:
a line indicates scaling with Q12| the points are obtained for a
fully coupled optics.

TABLE I. Threshold currents for the four most significant
HOMs of the Cornell ERL.

Af xy Of 1 th ()
(MHz) Coupling (MHz) (mA) (mA)
10 No 0 25.8 0
10 Yes 0 934 0
10 No 1.3 268 43
10 Yes 1.3 680 100
60 No 10 409 69
60 Yes 10 2227 380

closer look shows that the slope is only accurately —1 for
relatively small and relatively large Q where either ap-
proximation (21) or (22) holds. A totally coupled optics
with T;, =0 and T34 = 0 leads to a larger threshold
current than without coupling, but when Q of the modes
is reduced, the threshold current increases only with
0~ (/2) as indicated by a line with slope — . The advan-
tage of coupling decreases proportionally to /Q.

Figure 2 similarly shows the advantage of polarizing the
higher-order modes in the ERL that is proposed to upgrade
the CESR ring at Cornell University [26]. When the HOMs
are polarized in the x and the y direction and the optics is
completely coupled by Ty, = 0 and T34 = 0, the threshold
current is larger than without coupling, but again this
advantage is smaller when the HOMs are damped more
strongly by HOM absorbers. These conditions of complete
coupling are obtained for every cavity in a linac when a
section between the first and the section path through the
linac is adjusted such that it transforms horizontal phase
space coordinates into vertical ones, and vice versa.
However, the figure shows that, when many cavities are
present, as in the ERL where there are 320, the scaling is
not as simple as in the case of a single cavity and the
advantage of coupling does not decrease as strongly with
decreasing Q.

For Table I the 320 cavities of the ERL upgrade of CESR
had nominal HOM frequencies of f,; = 1.873 94 GHz and
fo = 1.88173 GHz with horizontal polarization. The
mode with vertical polarization is f, = f, — Af,,. The
cavities have HOM frequencies that have a Gaussian dis-
tribution around these values with rms width o ;. We used
500 different random distributions of the frequencies and
display the average threshold current /;, as well as the rms
o of the 500 resulting thresholds.

TABLE II. The threshold current, Iy, = o; (mA), for polarized
modes with rms frequency spread of 10 MHz.

Modes 1,2 Modes 1-4 Modes 1-6 Modes 1-8
2419.5 £432.0 2227.0+380.0 1923.2+317.0 1881.3+297.0
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TABLE III. The eight most relevant polarized HOM modes for
the x-ray ERL.

Mode number  f, (GHz) 0O, (R/Q), [Q] 0,
1 1.87394 209124 109.60 0
2 1.81394 209124 109.60 /2
3 1.88173 13186.1 27.85 0
4 1.82173 13186.1 27.85 /2
5 1.86137 4967.8 71.59 0
6 1.80137 4967.8 71.59 /2
7 2.579 66 1434.2 108.13 0
8 2.51966 1434.2 108.13 /2

While these threshold currents were simulated with only
the 4 most destructive HOMs in each cavity, we have seen
that including more modes does not strongly diminish the
threshold current, as shown in Table II. A more detailed
account of threshold simulations for the x-ray ERL can be
found in [27].

Characteristics of the 8 modes that were used are shown
in Table III.

B. Comments about numerical solutions

When the threshold current for two polarized modes at
w, and w, should be found by solving Egs. (26) and (28)
numerically, the eigenvalues are plotted in the complex
plane, and the intersections with the real axis are sought
that lead to the smallest current. An example of the two
eigenvalues plotted in the complex plane is shown in Fig. 3.
The eigenvalues are largest in the vicinity of w =

|mod (w,, zt—l”)l, A € {1, 2}, since there either w, or w,
become very large. The subscript on the mod function
indicates that mod,(x,1) €[0,1] and mod_(x,1) €
1.4

Furthermore, the eigenvalues trace out loops around the
origin of the complex plane about once per 2ZT7T variation of

S{lm (A)}°

.
o .,
3 ",
Fi s
0 AN AV,
§ ., s
o, - ...... /’

QRIS IS

6§R{]th (A) }

FIG. 3. Two eigenvalues trace out loops for /; in the complex
plane while w is varied.

10g10(A1_1)
_l,

-1.5¢
—of ]
-2.5¢
_3f
-3.5¢

-4+t

20 40 60 80 100 g

FIG. 4. (Color) Variation of the relative accuracy # for scanning
® — w, € [—37,37] by k points. By far, the best accuracy is
achieved with the elliptical extrapolation of 4 points around the
real axis (black dots). For an approximation by a line between
two points (red, largest at large k), a second order polynomial
y(x) fitted to three points (green, second largest at large k), and a
third order polynomial y(x) fitted to four pints (blue, third largest
at large k) all lead to much worse accuracies and/or computation
times.

w, due to the exponential factor in Eq. (26). We therefore
vary o only in a *37 interval around each HOM fre-
quency. This speeds up the search for eigenvalues by a
factor proportional to n,, which can be very large.

A simple approach would be to plot all eigenvalues in
the complex plane and to select the smallest eigenvalue
that is reasonably close to the complex plane. Large factors
in speed can be gained when the loops that are traced out
by each eigenvector can be interpolated and their intersec-
tion with the real axis can be found, since the loops have to
be scanned much less densely. We have found that using
values of Iy(w), where two are above and two below the
real axis, and fitting an upright ellipse to these values is a
very good parametrization. The accuracy achieved for
distributing k particles in the described region around
each HOM frequency leads to the accuracy documented
in Fig. 4.

C. Comparison of results for polarized modes and
coupling

To demonstrate the excellent agreement between these
numerical solutions and tracking, we depict Fig. 5 where
one HOM with horizontal polarization has been fixed at
fx = 2.2GHz, and another has been varied for f, €
[1.2,3.2] GHz. The optics was completely coupled with
T12 = T34 =0 and T31 = _T|4 = 1076 e\I}l/c. Several
things can be observed: (1) since tracking is relatively
time consuming, only relatively few frequencies for the
second HOM have been evaluated, but all of them lie
exactly on the curve that follows from the dispersion
relation. (2) The threshold current varies strongly when
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1 th (A)
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1.25 1.5 1.75 2 2.25 2.5 2.75 3
fy(GHz)

FIG. 5. (Color) Threshold current for one horizontal HOM with
fi= w,/27m = 2.2 GHz as a function of the frequency f, of a
vertical HOM. Black curve: dispersion relation; red dots: track-
ing; green dots: the approximation derived above. For clarity, a
subinterval of this graph is shown in Fig. 6.

the second HOM is varied, but the agreement with tracking
shows that this is not numerical noise but a consequence of
the coupling between the two polarized modes whose
frequencies are very far apart. (3) There are frequencies
where the threshold current is relatively small, these are
frequencies where cos(w, ;) = cos(w,f,) in agreement
with Eq. (32). The displayed minima appear at (3 X
1.3-2.2) GHz, 2.2 GHz, and (4 X 1.3-2.2) GHz. But the
regions with reduced threshold are relatively wide; in
particular, they are much wider than the width of HOM
resonances.

Depicted in color are the values obtained by approxima-
tions derived above. It is apparent that the approximations
are not always very good, especially that they lead to
values that are too large. A magnification in Fig. 6 shows
that the reason for that is that the approximate formulas
lead to parabolic shapes that have the correct minimum
value, but not the correct width. This is important since it
shows that the formulas can be used to find the correct
minimum value as a conservative estimate. Furthermore,
the magnifications again show the good agreement with
tracking results.

Here an important note is in place. One place where a
strong dip occurs is when w; = w,. This dip is much wider
than the width of the HOM resonance of w,/Q,, showing
that the two modes clearly do not decouple when they are
separated by more than their width. For nominally circular
symmetric cavities, HOMs are not degenerate due to con-
struction errors and each mode splits into two modes with
typically a few MHz distance. But the dip is much wider
than that, showing that an appropriate advantage of BBU
suppression by damping can in general only be realized
when polarized cavities are designed, i.e., cavities where
the horizontal and vertical dimensions are designed to be

2.582 2.584 2.586 2.588

£y (GHZY
FIG. 6. (Color) Magnification of regions in Fig. 5.

slightly different, leading to HOM frequencies that differ
by several 10 MHz in the two planes.

The question arises how far the HOM frequencies have
to be apart. In Fig. 7 we show for the Cornell ERL how I,
changes with Af,,. In order to avoid averaging over many

Iy (IIlA)

140 T T T T

80

60

40 +

20 1 1 1 1 1

-100 -50 0 50 100

Af. (MHz)

FIG. 7. Dependence of Iy, on Af,, for the Cornell ERL.
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different frequency distributions, we have here chosen the
same two HOM frequencies for each of the 320 cavities.
The data indicates that a mode separation of 60 MHz is
sufficient. This has been used to compute the very large
recirculating BBU threshold current of more than 2 A for
this accelerator shown in Table I. It should be noted that
only the two dominant HOMs were considered in this
simulation, more modes are considered in [27]. The
Cornell ERL is designed for 100 mA and this calculation
indicates that polarized cavities with a coupled optics
provide a very comfortable safety margin with respect to
this instability. However, Table I shows that, even without a
coupled optics but with a distribution of HOM frequencies,
a sufficient Iy, can be obtained, making polarized cavities
not absolutely necessary.

While the advantage of introducing the 60 MHz mode
separation is significant, there are problems associated
with changing the cavity geometry to produce such a
separation. For instance, higher-order multipole fields
and associated focusing effect as well as interferences
between modes of neighboring passbands could have un-
pleasant consequences. We are currently designing a suit-
able polarized 7-cell cavity to analyze these questions.

D. Approximation for NV polarized HOMS in one cavity

As a first approximation, one can assume that one com-
ponent of the eigenvectors in Eq. (13) will be very large.
This would lead to a decoupling of HOMs so that each
HOM could be treated separately, as for a single degree of
freedom. One could therefore derive the threshold with the
smallest current for each individual HOM, and this would
approximate the threshold for the complete accelerator.
When all these thresholds are very large, one has to inves-
tigate the next approximation, where the eigenvector has
two dominant components. In this case the eigenvalues are
determined from a 2 X 2 matrix corresponding to Eq. (15).
The threshold current has to be computed for each pair of
HOMs. The smallest current obtained for one pair of
polarized modes then approximates the threshold current
of the full accelerator.

III. POLARIZED HOMS IN MANY CAVITIES AND
FOR MULTIPLE TURNS

Recirculating linacs with many cavities and several
recirculation loops have been considered early on
[13,28]. In [12] a description for arbitrary recirculation
times has been presented. Here we want to extend this
description to include orbit coupling and polarized modes.
As far as possible, we retain the notation of these earlier
papers. The N higher-order modes, which can be associ-
ated with different cavities, are numbered by an index i.
The N, passes through the linac are numbered by an index
1. The horizontal and vertical phase space coordinates that
the beam has at time ¢ in the HOM i during turn [ is
denoted  Z(r) = [x](2), pi;(2), (1), pl()]". The 4 x4

transport matrix that transports the phase space vector Zj
at HOM j during turn J to Z] is denoted T}/ and the time it
takes to transport a particle from the beginning of the first
turn to HOM i during turn / is denoted 7. The beam is
propagated from after HOM i — 1 to after HOM i by

" o e -
=T, -2 —[d =1 D+ ;Vi(t), 37)

with V; = V,(0, cosb,, 0, sin6;)7. This equation can be iter-
ated to obtain the phase space coordinates as a function of
the HOM strength that creates the orbit oscillations. With
the matrix

(38)

(Tfj”)w

(T4IJ) 1
T =
( (Tfj”)34

(T )14 )

one obtains

I Ny(i—1)

FO=3 > TGVl ) (9
J=1 =1

N, if I #J;

N’J(i_l)z{i—l if1=1J (40)

The strength V;(¢) of the HOM i with polarization di-
rection ¢; is created by all particles that have traveled
through that HOM via the integral

Vi(t) = f_ ZW(z—z/)ﬂ(ﬂ)*T*l(ﬂ)dz/ @1)

where I/(1) is the current which the beam has on its /th turn
at the HOM i. Note that W(t—1+¢)=0 for ¢ >t
Combining this with Eq. (39) leads to the following
integral-difference equation:

() Ny
Vi = [ S wite = o)
— = ¢

I Npy(i—1)
X33 D - - b, @
1J — T [J‘>
DV = &I'TVG, (43)

This equation is identical to that obtained for 1 degree of
freedom, only that (T}),, is replaced by D}/. The follow-
ing treatment for obtaining the threshold current is there-
fore identical to that in [12]. For completion it is here
presented in simplified form, and recommendations for
numerical solutions are given.

Now the approximation of short bunches is used. The
current is given at time 7 by pulses that are equally spaced
with the distance ¢,

I'(t) = Z Iot, 6(t —

m=—0o0

— mty). (44)
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This reduces the integral to a sum,

N,
V(t)——lotb Z ZW(t—tl—mtb)
m=—0o0 [=
1 N[J(l 1)
X Z Z DV (mt, + t]). (45)

J=1

This leads to

th/zb(w) - _I()th Z Z Z Wi(mt, + tL - tl)

n=—00 m=00 [=

I Ny(i—1) )
X Z Z DIV ([n — mly, + t])e™

1 N[J(l 1)

——IOZW”L t,z Z

J=1 j=1

1A
D; V,r,/t ().

(46)

If a vector V is introduced that has the coefficients \71.2“,

this equation can be written in matrix form,

1 - -
Iy
with the matrix coefficients
N,
MLJ = *lb Z Wz = r/]/tb(w)D
¢ =ive,
(48)
0, = 1, isz?;
) 0, otherwise.
Note that W= = W= iwTopl(t{=1)/1y)ts  where

it~/ i6,(1,L)¢
Top(x) is the smallest integer that is equal to or larger
than x and 8,(I, L) = mod(r! — ¢¥, 1,). With Kronecker &
this determines the matrices W and U to be

Wh = Sl 8(1, L5, 49)

Ui']/ = T1€5®1,1+®,~,k' (50)

For each frequency w, I;! is an eigenvalue of M(w).
Since the eigenvalues are in general complex, but /;, has to
be real, the threshold current is determined by the largest
real eigenvalue of M(w). The matrix has the properties

M(w T 2”) —M(w),  M(-0%) = M*(0), (1)

Iy
and it is therefore again sufficient to investigate w €
[0, 77/1;] to find the threshold current.
Note that V,t,]” never appears since the last kick on the
last turn does not feed back to any HOM, so that the
dimension of M can be reduced by one to N X N, — 1.

Furthermore, the dimension can be reduced when two
fractional parts 8! and &7 are equal since then V! and V{
are identical.

A. Multiturn operation and cavity misalignments

Since the formalism presented here that includes polar-
ized modes and coupled optics is identical to the formalism
in 1 degree of freedom, only that (T}/), has been replaced
by D{jj , all conclusions about multiturn recirculating and
multiturn ERLs hold. For example, in [12] it was con-
cluded that, for one HOM and for N, passes through the
linac, the threshold current should roughly scale as
N,(2N, — 1). The origin of this conclusion results from

the double sum Z;Vil >1_,. Since the same summation
appears, this conclusion holds also for polarized modes
with coupling.

While this quadratic scaling with N, also applies with-
out polarized modes and without coupling, there is an
additional problem in the case of coupled optics that is
designed to reduce the absolute values of all:

1J 1J
2 §in26,.

(52)

DY = THcos?6, + TLsin’6, +

Choosing polarized cavities so that sin26A = 0 for all
modes and using fully coupled optics makes all D13 zero
for a one turn ERL leading to the approximate threshold
current in Eq. (32). For a two turn ERL, D}2 for the first
turn and D33, for the second turn become zero. However,
D3 for both turns is in general not zero. Since T!* =

T X T'2, full coupling with 713 = T12 =0 and T =
733 = 0 leads to
T} = T cotTs; + Tj - Ty3, (53)
T3 = T3 cotT|i + T35 - Toj. (54)

While the optics can be fine-tuned so that T{3 = 713 = 0
holds for the location of one cavity, it will in general not
hold for all cavities along a linac. The reason is that the
transport of the first turn couples a horizontal oscillation
that starts in the first pass through the linac into the vertical
oscillation during the second pass, which in turn couples
back into a horizontal oscillation during the third pass.

For misaligned cavities, HOMs are excited even when
the current is smaller than the threshold current. This can
lead to large beam excursions, and in [12] it was analyzed
for what currents these excursions become extremely large.
It was found that the BBU threshold current is always
smaller than the current for which these orbit excursions
would get very large. Since the formalism presented here
with coupling and polarized modes has the same formal
structure, this conclusion again holds.
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B. Comments about numerical solutions

As pointed out above where numerical solutions for one
return loop and two HOMs were found, it is very essential
to systematically search for real values for the eigenvalues
of M. Each eigenvalue traces out curves in the complex
plane when  is varied in the region [0, 7/1,), however
eigenvalue finders usually do not return eigenvalues in any
particular order, so that these curves cannot be observed
easily. If they could be observed, then ellipses could be
fitted to these curves and the intersection of the curve with
the real axis could very efficiently be found for each
eigenvector.

We therefore recommend a sorting algorithm that sorts
eigenvalues rather robustly: (1) Normalize each eigenvec-
tor. (2) Sort these vectors according to their largest com-
ponent, i.e., the vector which has its largest component in
position 1 is the first vector, if there are more than one of
this kind, the one with the largest coefficient can be chosen
as first vector, etc. (3) Associate the eigenvalues in the
order of these eigenvectors. Small changes of w do not
change the relative size of the eigenvector elements much.
The intersection of the curve A;(w) with the real axis can
now be found for each eigenvector. This procedure leads to
an enormous speed advantage over simply scanning all
eigenvalues for a mesh of w € [0, /1,], and choosing
the largest eigenvalue that is reasonably close to the real
axis.

ACKNOWLEDGMENTS

This work has been supported by NSF Cooperative
Agreement No. PHY-0202078.

[1] M. Tigner, Nuovo Cimento 37, 1228 (1965).

[2] Report No. CHESS 01-003, edited by S.M. Gruner and
M. Tigner, 2001.

[3] G.H. Hoffstaetter, 1. V. Bazarov, S. Belomestnykh, D. H.
Bilderback, M. G. Billing, J.S-H. Choi, Z. Greenwald,
S.M. Gruner, Y. Li, M. Liepe, H. Padamsee, D. Sagan,
C.K. Sinclair, K. W. Smolenski, C. Song, R. M. Talman,
and M. Tigner, in Proceedings of the 2005 Particle
Accelerator  Conference,  Knoxville, TN  (IEEE,
Piscataway, NJ, 2005).

[4] M. W. Poole, S.I. Bennett, M. A. Bowler, N. Bliss, J. A.
Clarke, D. M. Dykes, R. C. Farrow, C. Gerth, D. J. Holder,
M. A. MacDonald, B. Muratori, H. I. Owens, F. M. Quinn,

E.A. Seddon, S.I. Smith, V.P. Suller, and N.R.
Thompson, in Proceedings of the 2003 Particle
Accelerator  Conference,  Portland, OR  (IEEE,

Piscataway, NJ, 2003), pp. 189-191.

[5] D.Douglas, S. V. Benson, G. Biallas, J. Boyce, H. F. Dylla,
R. Evans, A. Grippo, J. Gubeli, K. Jordan, G. Krafft, R. Li,
J. Mammosser, L. Merminga, G.R. Neil, L. Phillips, J.
Preble, M. Shinn, T. Siggins, R. Walker, and B. Yunn, in
Proceedings of the 2001 Particle Accelerator Conference,
Chicago, IL (IEEE, Piscataway, NJ, 2001), pp. 249-252.

(6]

(7]
[8]

(91

[10]

(11]

(12]

[13]

[14]

[15]

(20]

044401-11

M. Sawamura, R. Hajima, N. Kikuzawa, E.J. Minehara,
R. Nagai, and N. Nishimori, in Proceedings of the 2003
Particle Accelerator Conference, Portland, OR, Ref. [4],
pp. 3446-3448.

G. N. Kulipanov, A.N. Skrinsky, and N. A. Vinokurov, J.
Synchrotron Radiat. 5, 176 (1998).

T. Suwada, A. Enomoto, S. Ohsawa, S. Hiramatsu, Y.
Kamiya, M. Kuriki, K. Saito, Y. Shobuda, K. Yokoya,
and S. Yamamoto, in Proceedings of the 2002 ICFA Beam
Dynamics Workshop on Future Light Sources, Japan.

L. Merminga, K. Beard, L. Carman, Y. Chao, S.
Chattopadhyay, K. de Jager, J. Delayen, Y. Derbenev, J.
Grames, A. Hutton, G. Krafft, R. Li, M. Poelker, B. Yunn,
and Y. Zhang, in Proceedings of the 2002 European
Particle Accelerator Conference, Paris, France (CERN,
Geneva, 2002), pp. 203-205.

I. Ben-Zvi, J. Brennan, A. Burrill, R. Calaga, X. Chang, G.
Citver, H. Hahn, M. Harrison, A. Hershcovitch, A. Jain, C.
Montag, A. Fedotov, J. Kewisch, W. Mackay, G. MclIntyre,
D. Pate, S. Peggs, J. Rank, T. Roser, J. Scaduto, T.
Srinivasan-Rao, D. Trbojevic, D. Wang, A. Zaltsman,
and Y. Zhao, Proceedings of the 2003 Particle
Accelerator Conference, Portland, OR, Ref. [4], pp. 39—
41.

V. Ptitsyn, L. Ahrens, D. Anderson, M. Bai, J. Beebe-
Wang, I. Ben-Zvi, M. Blaskiewicz, J. M. Brennan, R.
Calaga, X. Chang, E.D. Courant, A. Deshpande, A.
Fedotov, W. Fischer, H. Hahn, J. Kewisch, V.
Litvinenko, W.W. MacKay, C. Montag, S. Ozaki, B.
Parker, S. Peggs, T. Roser, A. Ruggiero, B. Surrow, S.
Tepikian, D. Trbojevic, V. Yakimenko, S.Y. Zhang, M.
Farkhondeh, W. Franklin, W. Graves, R. Milner, C.
Tschalaer, J. van der Laan, D. Wang, F. Wang, A.
Zolfaghari, T. Zwart, A. V. Otboev, Yu. M. Shatunov, and
D.P. Barber, in Proceedings of EPAC 2004, Lucerne,
Switzerland, pp. 923-925.

G. H. Hoffstaetter and I. V. Bazarov, Phys. Rev. ST Accel.
Beams 7, 054401 (2004).

J.J. Bisognano and R. L. Gluckstern, in Proceedings of the
1987 Particle Accelerator Conference, Washington, DC
(IEEE Catalog No. 87CH2387-9), pp. 1078—1080.

B.C. Yunn, in Proceedings of the 1991 Particle
Accelerator Conference, San Francisco, CA, pp. 1785—
1787.

G. A. Krafft and J.J. Bisognano, in Proceedings of the
1987 Particle Accelerator Conference, Washington, DC
(IEEE Catalog No. 87CH2387-9), pp. 1356-1358.

R.E. Rand, Recirculating Electron Accelerators
(Harwood Academic Publishers, New York, 1984),
Section 9.5.

N.S.R. Sereno, Ph.D. dissertation, University of Illinois,
1994.

K. Beard, L. Merminga, and B.C. Yunn, Proceedings of
the 2003 Particle Accelerator Conference, Portland, OR,
Ref. [4], pp. 332-334.

L. Merminga, I. E. Campisi, D. R. Douglas, G. A. Krafft, J.
Preble, and B. C. Yunn, in Proceedings of the 2001 Particle
Accelerator Conference, Chicago, IL, Ref. [5], pp. 173—
175.

B.C. Yunn, Phys. Rev. ST Accel. Beams 8, 104401
(2005).



HOFFSTAETTER, BAZAROV, AND SONG

Phys. Rev. ST Accel. Beams 10, 044401 (2007)

[21] E. Pozdeyev, Phys. Rev. ST Accel. Beams 8, 054401 [26]
(2005).

[22] R.E. Rand and T.I. Smith, Part. Accel. 11, 1 (1980).

[23] C.D. Tennant, K. B. Beard, D.R. Douglas, K. C. Jordan,
L. Merminga, and E.G. Pozdeyev, Phys. Rev. ST Accel.

Beams 8, 074403 (2005). [27]
[24] E. Pozdeyev, presentation during the ERL workshop,
TINAF (2005). [28]

[25] B.C. Yunn, contribution to the working group 2 of the
ERL workshop (2005).

044401-12

G. H. Hoffstaetter, 1. V. Bazarov, S. Belomestnykh, D. H.
Bilderback, M. G. Billing, J.S-H. Choi, Z. Greenwald,
S.M. Gruner, Y. Li, M. Liepe, H. Padamsee, D. Sagan,
C.K. Sinclair, K. W. Smolenski, C. Song, R. M. Talman,
and M. Tigner, Proceedings PAC05, Knoxville/TN (2005).
C. Song and G. H. Hoffstaetter, Report Cornell ERL06-01,
2006.

G. A. Krafft, J.J. Bisognano, and S. Laubach (unpub-
lished).



