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This paper continues the work of two previous treatments of bunch lengthening by a passive harmonic
cavity in an electron storage ring. Such cavities, intended to reduce the effect of Touschek scattering, are a
feature of fourth generation synchrotron light sources. The charge densities in the equilibrium state are
given by solutions of coupled Haissinski equations, which are nonlinear integral equations. If the only wake
fields are from cavity resonators, the unknowns can be the Fourier transforms of bunch densities at the
resonator frequencies. The solution scheme based on this choice of unknowns proved to be deficient at the
design current when multiple resonators were included. Here we return to the conventional formulation of
Haissinski equations in coordinate space, the unknowns being charge densities at mesh points on a fine
grid. This system would be awkward to solve by the Newton method used previously, because the Jacobian
matrix is very large. Here a new solution is described, which is both Jacobian-free and much simpler. It is
based on an elementary fixed point iteration, accelerated by Anderson’s method. The scheme is notably fast
and robust, accommodating even the case of extreme overstretching at current far beyond the design value.
The Anderson method is promising for many problems in accelerator theory and beyond, since it is quite
simple and can be used to attack all kinds of nonlinear and linear integral and differential equations. Results
are presented for ALS-U with updated design parameters. The model includes harmonic and main rf
cavities, compensation of beam loading of the main cavity by adjustment of the generator voltage, and a

realistic short range wake field (rather than the broadband resonator wake invoked previously).

DOI: 10.1103/PhysRevAccelBeams.24.104402

I. INTRODUCTION

The problem is to determine the longitudinal charge
distributions of an arbitrary bunch train in an electron
storage ring, in the state of equilibrium. This equilibrium
could exist theoretically but be unstable in practice. Any
coupling to transverse degrees of freedom is ignored. The
train is arbitrary in the sense that there can be any
distribution of gaps (unfilled buckets), and any distribution
of bunch charge along the train.

Assuming that the collective motion is governed by
coupled Vlasov-Fokker-Planck equations, the equilibrium
state is determined by coupled Haissinski equations [1].
The coupling arises from the long-range wake fields of
high-Q cavity resonators. Every bunch in the train con-
tributes to the excitation of these wakes, and thereby
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influences all other bunches and even itself (by a very
small amount). There is also the short range wake field (SR)
from geometric aberrations in the vacuum chamber, affect-
ing only the bunch that excites it. An achievement of the
present work is to include this effect accurately, which has
not been done before in a multibunch framework.

In Ref. [1], the problem was solved for the simplest
model, in which the only wake field comes from a single
passive higher harmonic cavity (HHC). In Ref. [2], the
model was extended to include the wake field (beam
loading) of the main accelerating cavity (MC), and also
the SR, roughly approximated by a broadband resonator
model. The rf generator voltage was adjusted by a least-
squares algorithm so that the sum of the generator voltage
and the induced voltage of the main cavity closely
approximated the desired accelerating voltage, in amplitude
and phase. Contrary to the supposition of Ref. [1], the main
cavity compensated in this way played a substantial role,
spoiling to some extent the desired effect of HHC. Also,
the consequence of SR was not negligible.

Both Refs. [1] and [2] were based on a formulation of the
Haissinski equations in which the unknowns are the Fourier
transforms of the bunch densities at the frequencies of the
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cavity resonators. Of course, this is only possible if the
entire wake field is due to resonators, narrow- or broad-
band. Then, the number of real unknowns is n, = 2n,n,,
where 7, is the number of bunches and 7, is the number of
resonators. For ALS-U, we have n;, =284 and n, =3
for the model with HHC + MC + SR, thus n, = 1704.
Newton’s method is readily feasible for solution of a system
of this size or even much larger. In fact, the method worked
beautifully in Ref. [1], where n, = 656, but failed to
converge for the full range of parameters desired in Ref. [2],
with n, = 1704 or larger.

A possible way to avoid the divergence might be to
return to the conventional formulation of the Haissinski
equations in coordinate space (z-space). The single-bunch
equation in gz-space, discretized on a mesh, is solved
very robustly by Newton’s method, even at currents far
beyond realistic values [3]. Hoping for a similar success in
the multibunch case, one encounters the problem of a
very large Jacobian matrix. With a mesh of 100 cells
and 284 bunches, the dimension of the matrix is
28684 x 28684, which is uncomfortable if not impossible
on a standard personal computer. Moreover, other light
source designs have more than 1000 bunches. Instead of a
full Newton method, one could consider more economical
quasi-Newton procedures such as Broyden’s method [4,5].

Fortunately, a very simple and effective z-space solution
turned up in the guise of a relaxed fixed point iteration,
suggested by He, Li, Bai, and Wang [6]. This is Jacobian-
free and involves little calculation beyond repeated eval-
uations of the potential function that appears in the
exponent of the Haissinski operator. This was successfully
applied with parameters for ALS-U and other rings in
Ref. [6], and I have verified the success for ALS-U. Many
of the problems posed in Ref. [2] were solved in a simpler
way by this method, but there were still some failures of
convergence in cases of interest. Convergence of the
method is slow, the number of iterations required being
of order 100, but the total computation time is nevertheless
modest.

This development turned my attention away from
Newton-type methods and toward Jacobian-free fixed point
iterations. There is a long history of efforts to accelerate
iterative sequences [7]. One of particular interest is
Anderson’s proposal of 1965 [8-10]. It has the potential
both to cure divergence and to promote fast convergence.
Remarkably, it does both in our problem, providing a very
fast and robust solution throughout the parameter domain
of interest.

Section II describes the relaxed fixed point iteration. The
discussion leads naturally to the continuation method,
which is a more standard approach to nonlinear equations
and a technique that can be related to Anderson accel-
eration. Section III introduces Anderson acceleration.
Section IV presents results for ALS-U, with parameters
from the latest design report, somewhat different from those

of our previous papers. Section V treats the relation of
Anderson acceleration to Broyden’s quasi-Newton method.
Section VI presents conclusions and the outlook for
future work.

II. RELAXED FIXED POINT ITERATION AND
THE CONTINUATION METHOD

We wish to solve n equations in n unknowns, written
compactly as
x = g(x), g: R" > R", (1)
where g may be linear but is nonlinear in general. To relate
to later discussions, we suppose that g has continuous
first derivatives, as is true in our examples, although no
derivatives appear in the numerical work. The function g
will be called the basic map. The elementary fixed point
iteration, or method of successive substitutions, tries to
construct a solution by starting with some guess x, and
forming a sequence {x;} as
et = 9x), k=01, (2)
hoping that the sequence will converge to a solution x. If ¢

maps a ball B, = {x]|||x|| < r} into itself, and reduces the
distance between any two points in the ball,

0<p<l,
(3)

then the contraction mapping theorem ensures that the
sequence converges to a solution, the only solution in B,,
for any x, € B,. Here || - || can be any norm but for analytic
estimates of f, a convenient choice is the maximum
absolute value of components of x: ||x|| = max;|x|.

The discretized Haissinski system has the contractive
property for sufficiently small beam current, so we have the
assurance of a unique solution at low current. Numerical
calculations show that the sequence diverges for the larger
currents of interest, so we seek a better algorithm.

We look for a better map 4 (x), which ought to generate a
sequence that will converge, at least for some appropriate
Xo- The relaxed or damped fixed point iteration makes 4(x)
from g(x) in the simplest imaginable way,

llg(x1) = g(xa|| < pllx; —x2|, allxy,x, €B,,

h(x) = ag(x) + (1 — a)x, O<a<l. (4)
That is, if g produces too much change in x, reduce its
contribution and use the current x itself for the rest of the
iterate. It could be said that damping rather than relaxation
is more descriptive of the process.

He et al. in Ref. [6] adopted this procedure to solve the
coupled Haissinski equations in the z-space formulation
and found it to be remarkably effective. They called it a

104402-2



EQUILIBRIUM OF AN ARBITRARY BUNCH TRAIN WITH ...PHYS. REV. ACCEL. BEAMS 24, 104402 (2021)

“relaxation iteration.” The damping parameter a was
chosen by experiment. At high values of current a relatively
small value is required for convergence, say a = 0.1.

It looks as though He et al. generalized freely from the
linear case, since their bibliography on the source of the
method refers only to that case. When g is linear, relaxation
is widely used in the SOR algorithm, successive over-
relaxation, a variant of the Gauss-Seidel method intended to
accelerate convergence. I have not seen much notice of the
nonlinear application in the literature of numerical analysis,
although one can find it in the context of particular
problems. See for instance Sec. III of Ref. [11] where it
is called “simple mixing”.

A bit more insight into Eq. (4) accrues if we invoke a
differential equation. Define f(x) = g(x) — x and consider
the system of ordinary differential equations,

dx

E:f(x)’

x(0) = xo. (5)
One might hope to find a solution of f(x) = 0 as the limit
of an asymptotically constant trajectory x(7) as t — oo.
Euler’s method applied to Eq. (5) gives a sequence {x;}
defined by

M:f(xk)

A Xppr = Atg(x) + (1= Af)xg. (6)

Thus an attempt to find a constant asymptote by Euler’s
method is the same as trying to find a solution by the
relaxed fixed point iteration, with a = At.

There is no proof that a solution of f(x) = 0 is really to
be found as the constant asymptote of a solution of Eq. (5).
A more certain relation to a differential equation, explored
in the literature, is obtained by considering a homotopy
connecting an equation with known solution x, to the
equation of interest [12], § 7.5. Suppose that H: R" x
R' — R" is a smooth function of both variables such that

H(xg.19) =0, H(x,1;) = f(x). (7)
Then consider the trajectory x(z) defined by H(x(z),1) = 0.
Differentiating we find

dx

Hx(x7 t) dt

+ H,(x,1) = 0. (8)
As long as the inverse of the Jacobian H, exists, we have
the differential equation in explicit form,

d

C=-H0H(D). x)=x. (9)
If this equation has a solution extending from £, to #;, we
have achieved a solution of f(x) = 0 as x = x(#,), accord-
ing to Eq. (7). A procedure along these lines is called a

continuation method.

There are of course myriad ways to choose H.
An especially useful choice is

H(x, 1) = f(x) = 7' f(x0),
H,(x,1) = fx(x), and  H,(x,1) = e7'f (x). (10)

Since on the trajectory e~'f(xq) = f(x), the Eq. (9)
becomes

dx

= ) (1)

When Euler’s method is applied to Eq. (11), we get

Xt = X = At () f(x). (12)

which is the damped Newton method with damping factor
At. It becomes the full Newton method for Ar = 1. If
F(x) = —f.(x)"'f(x) obeys a Lipschitz condition, the
differential Eq. (11) is subject to standard existence
theorems. Boggs [13] has explored the use of more
sophisticated integrators of Eq. (11), with the goal of
approaching the asymptote more quickly.

Broyden’s method gives a way to approximate f3'(x;),
starting with a value for £;'(x;) [5]. The update from step k
to step k + 1 is obtained by adding a rank-1 matrix. With
the definition G, ~ f;'(x;), the update takes the form

AfT
AfFAf
Avg = Vg1 — U, (13)

G = G+ (Axy — GLAfy)

where the row vector v is the transpose of a column vector
v. This is called Broyden’s second method. His first method
approximates the Jacobian itself in a similar way.

Sometimes it is adequate to take f,(xg) = —I where I is
the unit matrix, which is equivalent to using the relaxed
iteration of Eq. (6) for the first step. With this reasonable
choice and Eq. (13), one can carry out an approximate
version of the Newton iteration (12), often to good effect.
The undamped iteration would be preferred but damping
could be needed for convergence.

III. ANDERSON ACCELERATION

Again we wish to solve x = g(x). Step k of Anderson’s
iteration makes use of the current and previous evaluations
of the map, g(x;),j = k,k — 1, .... These evaluations con-
tain valuable information. The update x; ; is formed from a
favorable linear combination of g(x;).

With a given start x,, we employ the following notations
for k=0,1,...:
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gx = 9(xg), S = 9k — X,
ful> = "2 w=(u' ). (14)
i=1
Also choose an integer m > 1 and define
my = min(k, m), (15)

which will be the number of previous map evaluations used
at the k-th step, not more than m.

To find a good linear combination of the g;, Anderson
finds the coefficients in a minimal linear combination of the
fj- That is, he solves the constrained linear least-squares
problem

my
(a’é, a’l‘, s af;k) = arg min || Zaffk_mkﬂﬂz,
=0
my
D ak=1 (16)
=0
Then, the next iterate is taken to be
My
X+l = Zafgk—mﬂrj' (17)
=0

For k = 0, the constraint alone determines the minimum, so
that a) = 1 and x; = g(xp).

Anderson allowed extra flexibility by introducing a
relaxation parameter f3;, with a corresponding update

my

nmy
Xept = B D Gy + (1= ) Y dhximsy (18)
j=0 J=0

In this scheme x; = Byg(xo) + (1 — By)xo, which is to say
that the iteration starts with simple mixing. In view of the
partial success of simple mixing, this would seem to be a
good choice, at least for the first step. At later iterations one
might put g, = 1.

It is convenient, both for the calculation and for some
steps in analysis, to recast the minimization problem
without constraints. That is accomplished merely by a
linear change of variables; see Ref. [9], Eq. (3.1) and
following remarks. Define new constants y* such that

k _ ok k _ k k
ay =70 a; =Y~ V-1

1<j<m—1, aﬁkzl—yfnk_l. (19)

Now the sum of the aj? is 1 for any choice of the yj? , and the
unconstrained minimization takes the form

(7/(13’}/]1(7 .. '77/];nk) =arg min ||fk
my—1

+ 3 A P remer = Fremer) I (20)
j=0

Correspondingly, the next iterate is

m—1

X1 = Gk + Z J’f(gk—mkﬂ‘ = Gremrji1)- - (21)
=0

J

Of course, with relaxation this becomes

mp—1

Xip1 = P (gk + Z 7§(gk—mk+j - gk—mk+j+l)

J=0

+(1 —ﬂk)<xk +

J=

my—1

k
14 (xk—mk+j - xk—mk+j+1)) .
0

)

(22)

In the following work f; =1 is a satisfactory choice,
whereas in more difficult cases under investigation a value
as small as 0.025 is required for convergence.

The relation of Anderson’s method to Broyden’s algo-

rithm is discussed in Sec. V.

IV. RESULTS WITH ALS-U PARAMETERS

Parameters considered in the preliminary design report
for the Advanced Light Source Upgrade (ALS-U) [14] of

TABLE L
ALS-U.

Parameters from preliminary design report for

Ring circumference

Beam energy

Average bunch current

Momentum compaction

Natural energy spread

Natural rms bunch length

Energy loss per turn (with
insertion devices)

Harmonic number

Main cavity frequency

Main cavity voltage

Harmonic cavity harmonic
number

Harmonic cavity shunt
impedance

Harmonic cavity quality factor

Harmonic cavity detuning

Harmonic cavity shunt
impedance

Harmonic cavity quality factor

Harmonic cavity detuning

Main cavity shunt impedance
(sum of two)

Main cavity quality factor

Main cavity detuning

Main cavity coupling
parameter

Main cavity coupling
parameter

R, (high R/Q)

O (high R/Q)

Sfr—=3f1 (high
R/0)

R, (low R/Q)

Q (low R/Q)
fr - 3f] (IOW
R/Q)

R, (unloaded)

Q (unloaded)

f r— f 1
F (optimum)

p (ALS
heritage)

196.5 m
2 GeV
500 mA
2.025 x 1074
1.02 x 1073
3.9 mm
315-330 keV

328
500.390 MHz
600 kV
1.9 MQ

2.4 x 10*
317.80 kHz

1.4 MQ

3.4 x 10*
164.74 kHz

9.8 MQ
3.6 x 10*
—94.729 kHz
9.983

3.1
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October 2020 are listed in Table I. These parameters differ
considerably from those adopted in Refs. [1,2], and [6], so
part of the motivation for this report is to bring the study up
to date. Two choices for the harmonic cavity parameters are
contemplated, called the high-R/Q and low-R/Q options,
which are alleged to have different implications for stability
issues. The stability is of course important but does not
concern us here.

At last notice the coupling coefficient § for the main rf
cavity was still an undetermined feature of the design. The
present ALS cavities might be used if their coupling could
be increased enough to control the dc Robinson instability.
For consistency with the calculations of Ref. [14], we take
the “optimum” value of Table 1, f = 9.983. Appropriate
values of impedance and quality factor for the calcu-
lation are the loaded values, R; = R /(1 + ) and

|

P = [Pl(Zl)’Pl(Zz)v '--,Pl(an)’

Similarly,

f=11) f1(z2)s oo f1(2n,)s o

where

1iz) = 5o (U z0)) = ilz). (26)
l

The denominator A; is a normalization factor, the discre-
tized integral of the numerator. In the exponent, U;(z;, p) is
the potential well seen by the ith bunch and p is the
constant of Eq. (49) in Ref. [1]. In the following, U;
consists of the expression defined in Egs. (51), (57), and
(60) of Ref. [1], plus the integral of the short range wake
potential convolved with p;, as follows:

Ur@ =7 [ S-0n0d. 5() = :

(27)

The wake potential W(z), from detailed modeling by Dan
Wang [15], is plotted in Fig. 13 of Ref. [2]. It is zero for
z < ¢y, where { is a small fraction of the bunch length,
arising from the nonzero length of the drive bunch in the
wake field simulation.

The solution vector x of the previous section is identified
with p and the map vector g is from the first term in
Eq. (26); that is g = f + p.

The least-squares step in the Anderson algorithm is done
with the code “dgels” from the Intel Math Kernel Library.
This solves the normal equation using the QR decom-
position which is recommended in Ref. [9]. We take m; =
min(k,o0) = k so that at the kth iterate, the current

0; = Q/(1 + p). We use the main cavity detuning from
the table, which realizes the ‘“compensated condition”
given by Egs. (3.79) and (3.80) in Ref. [14].

The table in Ref. [14] gives U, = 330 keV with inser-
tion devices, but the reported calculations to be compared
to ours have U, = 315 keV, so we choose the latter.

The object is to solve the discretized coupled Haissinski
system, written compactly as

flp)=0,  f:R"—>R" (23)

Supposing that the mesh for discretization of each bunch
density has n,, points, the vector p with n =n,n,
components consists of n;, densities evaluated at the mesh
points:

Py (21)5 P, (22)s oo Py (20,)]- (24)

’fnb(zl)’fnb(ZZ)v""fnb(znm)]’ (25)

[

evaluation and all previous evaluations of the map g are
employed. About the same results are obtained with a
sufficiently large limit on the number used, say with
my; = min(k, 8), but this is bothersome to verify and gives
no appreciable saving in computation time. The time for the
least-squares step is negligible.

All results and CPU times are for a serial code in Fortran,
running on a laptop. The code is arranged so that the result
of any run can be taken as an initial guess for the next run.
A result for a complete fill can then be used to initiate a run
with a partial fill, or with a smaller detuning, or with a new
wake component included, or with smaller error toleran-
ces, etc.

In contrast to the algorithms used in Refs. [1] and [2], no
continuation in current from small initial values is needed
to achieve convergence. In spite of strong nonlinearities
convergence is found immediately at the design current and
even at much higher values.

A. The case of high R/Q

The first step is to consider the complete fill, with all 328
buckets filled with the same charge and the entire wake
coming from the HHC. Then every bunch comes out to
have the same profile, even though that is not put in as a
constraint. In Fig. 1, we show that profile for a decreasing
sequence of detunings. The legend gives the detuning Jf in
kHz and o/0, the ratio of the rms bunch length to the
natural bunch length of 3.9 mm. This plot agrees with
Fig. (3.255) in Ref. [14]. With 201 mesh points per bunch,
the CPU time is 6 s for each curve.
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40 T T T T T
35F —372.7, 2.69
- 337.4, 3.34
30t 3135, 3.91
—292.8, 4.47
~——270.5, 5.11
£ 25
20
=
T 15+
10F
5 3
0 . 2 2 A
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
z, ()
FIG. 1. Complete fill, HHC only, high R/Q. The legend gives

the detuning 6f = f, — 3f, in kHz, and the ratio /0, of rms
bunch length to the natural bunch length.

The next step, again for a complete fill, is to see the effect
of the main cavity beam loading, which is to be compen-
sated by adjustment of the generator voltage. As expected,
the compensation is essentially perfect and the bunch
profile is the same to graphical accuracy. It is given by
the blue curve in Fig. 2 for the nominal detuning of
317.8 kHz from Table 1. Here, the increase in bunch length
is 6/6y = 3.79.

The compensation algorithm of Ref. [2] did not converge
with the desired energy loss of U, = 315 keV. Noticing
that, it did converge in the work of Ref. [1] which had a
smaller value of U,, we reduced the value and then
increased it in steps: Uy = 260, 280, 300, and 315 keV.
This procedure took 5 min. All subsequent calculations

30 L) Ll Ll Ll ]
=——HHC+MC
25} ~——HHC+MC+SR

2F

p(z) (1/m)

FIG. 2. Complete fill, high R/Q, §f =317.8 kHz, ¢/0y =
3.80 (blue), 3.92 (red).

25 T T T T T

——— =290 kHz, olo =4.61
—— 0 =270 kHz, 0/0 =5.15

2r

0 " . . .
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

z (m)
FIG. 3. Complete fill, high R/Q, with HHC 4+ MC + SR. Two

lower detunings.

were started with the result of a previous calculation and
required less than one minute of additional time each.

The compensation algorithm is the standard Gauss-
Newton method for nonlinear least squares, although it
was not recognized as such in Ref. [2]. There are other
algorithms, such as the Levenberg-Marquardt method,
which can be more robust concerning the starting guess.
Perhaps such a method could give a least squares solution
directly for the desired U but not necessarily in a shorter
time.

Turning on the short range wake we get the red curve in
Fig. 2. The short range force reduces the asymmetry of the
bunch and increases its rms length by 3%. This is different
from the effect of the short range wake in the broadband
resonator model [2] and perhaps more reasonable.

30 T T T T T

251

2r

15F

p(z) (1/m)

-0.02 0 0.02 0.04 0.06

FIG. 4. Fill with distributed gaps, high R/Q, HHC +MC+ SR,
of =317.8 kHz.
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4.2 T T T T T
S S |
T T T L N T T
Y] R S-S S-S S S S S
S P S R S . o .
Y] S O S S S TR T A Y
TP 4 v v % P P
X] S T S S
3.5 . * . .
0 50 100 150 200 250
bunch number (leading bunch on right)
FIG.5. Case of Fig. 4, ratio of bunch length to natural length, vs

bunch number.

Additional bunch lengthening through a decrease
in detuning is a possibility for the machine, discussed in
Ref. [14]. The results of two smaller values are shown in
Fig. 3. The transition to overstretching, when two peaks
appear, occurs between the two.

The partial fill anticipated for the machine, which has
been called Fill C2 in Ref. [16], has distributed gaps of four
buckets each, with a total of 284 bunches. There are 11
subtrains, 9 with 27 bunches and 2 with 26, the latter two
on opposite sides of the ring. All bunches have the same
charge chosen to give the desired average current of
500 mA. Taking this case with the nominal detuning of =
317.8 kHz of Table 1, and including HHC, MC, and SR,
we get the densities shown in Fig. 4. There are six bunches
in the plot out of a typical subtrain of 27 bunches. The one

%1073

<z> (m)
A

0 50 100 150 200 250
bunch number (leading bunch on right)

FIG. 6. Case of Fig. 4, bunch centroid vs bunch number.

T T T T T

43F - . 1

427r .

41F . h

l~° 4 F .
e

39t . 1

3.8F .

3.7F .

36 . " . . .
0 5 10 15 20 25
bunch number (leading bunch on right)

FIG. 7. Case of Fig. 4, increase of Touschek lifetime.

with maximum farthest to the right is nearest the front of the
subtrain.

As was discovered in Ref. [2], the main cavity has a large
influence when there are gaps in the train. The bunches near
the front of the subtrain resemble that of the complete fill,
whereas those at the middle and back are broader and
flatter. The distributions of bunch length increase and
centroid displacement along the full train are shown in
Figs. 5 and 6. The bunch length increase and the centroid
displacement are both largest at the back of a subtrain.

The most interesting figure of merit is the increase in the
Touscheck lifetime over the case without a harmonic cavity.
This is plotted for a typical subtrain in Fig. 7. The factor of
increase, 7/7, is not far from the length increase o/oy.
The strong variation along the subtrain should be an issue

30 T T T T T
25F
2 F
£
= 15t
=
107F
5 -
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
z, (m)
FIG. 8. Fill with distributed gaps, HHC + MC + SR,

of = 330 kHz. This result resembles Fig. (3.256) in Ref. [14].
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30 . T r T T 5.6
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st T 2 v 38 o 235 5% =
44}t to .
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- ’ of =290 kHz.
in determining the average beam lifetime, but that matter is

Fig. 4 is to be compared with Fig. (3.256) in
Ref. [14] generated from a macroparticle simulation with
rather severe noise. This plot is for a case different
from ours in that it does not include the short range
wake and most probably has a different account of the
main cavity beam loading, which is mentioned but not
described. Also, the detuning is not specified exactly
but is said to be “right below the onset of the over-
stretching instability”. Our Fig. 4 has more broadening
especially at the back of the train. For whatever reason, to
get a result with a fair resemblance to Fig. (3.256), we have
to increase the detuning to 330 kHz, getting the
result in Fig. 8. Here, the results for bunch lengthening,
centroid position, and lifetime increase are consistent with

favorable.

the results in Fig. (3.256) of Ref. [14] but a bit more

B. High R/Q with overstretching

length increases.

What is the effect of overstretching with the partial fill, as

compared to the result of Fig. 4 for the complete fill? It
turns out that the threshold for overstretching is at larger 6 f
than Fig. 3 would indicate for bunches at the back of a
subtrain, but similar to Fig. 3 for bunches at the front.
Figs. 9 and 10 show the densities for the same detunings as
in Fig. 4. Figs. 11 and 12 show the corresponding bunch

This shows that there is no profit in overstretching
beyond a certain point. Fig. 10 displays more undesirable

50 100

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
0
.
.
.
.
.
.
.
.

30 L] L) L L L) 5 .'.'
25} 49rs
48
20 a7h ¢
S ©46 :
= 15} S
N e 45F
Ty 44 -
43F
5 2
a2F .
, 41F
0.06 0.06 0
FIG. 10. Fill with distributed gaps, HHC + MC + SR, FIG. 12. Fill
6f = 270 kHz. of = 270 kHz.
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approximation to the inverse Jacobian as in Eq. (13). The
usual Broyden method imposes the secant condition,
30 T T T T T 5.5 L T L) L L L]
541\ \ y
Skl SO O T T T T T S S S
20} : R O O A N B
£ GEIF & 5 B -SR-S s = 3
: 15t ) =~ © ¢ . : e : ¢ L . . L]
N ] T T T
o - asf v Lo e Ll
4.8 S e Lt s e e oL
5F - . . % : . ® . ° . . .
47t D
0 461 . N N N 2
-0.06 0.06 0 50 100 150 200 250
bunch number ( head of train on right )
FIG. 14. Fill with distributed gaps, low R/Q, HHC +MC + SR,
5f = 164.7 kHz.
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25 T

25 T T T T T
== HHC+MC
~— HHC+MC+SR
20 F 20 F
el € 15F
15 E
— N
N D L
<10} 10
5t T
0 A A A A N\
0 . . - - * -0.06 -0.04 -0.02 0 0.02 0.04 0.06
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
z. (m)
z(m) :
. FIG. 15.
FIG. 13. Complete fill, low R/Q, HHC + MC in the blue curve,
HHC + MC + SR in the red curve. Detuning 164.7 kHz from
Table 1.6/6y = 3.96 (blue), 4.07 (red).

Fill with distributed gaps, low R/Q, HHC+MC + SR,
6f = 140 kHz.

bunch distortion than Fig. 9 without much increase in the

The preliminary design report [14] expresses an interest
average bunch length.

in running this case with 20% overstretching which is

It took only 40 s to produce Fig. 9 starting with the

illustrated with a macroparticle simulation in Fig. (3.257).

solution of Fig. 4, and another 40 s to make Fig. 10 starting

with Fig. 9. Through Anderson acceleration, we have
gained a remarkable advance in technique compared to
Ref. [2] in which these solutions could not be produced
at all.

C. The case of low R/Q

For low R/Q, the results for a complete fill are given in

Fig. 13. Passing from this solution to the case of a partial
fill, we find the pattern of Fig. 14.

We obtain the closely similar result of Fig. 15 with a
detuning of 140 kHz, reduced from 164.7 kHz. The
corresponding outcomes for bunch lengthening, centroid
distribution, and Touschek lifetime increase are plotted in
Figs. 16, 17, and 18.

V. THE RELATION OF ANDERSON
ACCELERATION TO BROYDEN’S METHOD
By an argument of Eyert [17], revisited by Fang and

Saad [10], Anderson’s method is equivalent to a general-

ized form of Broyden’s second method for updating an

FIG. 16. Case of Fig. 14, ratio of bunch length to natural length
vs bunch number.
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taking Gy = —I, the updates x| = x; — G f, are found

to coincide with Anderson’s. The matrix F having the
vectors Af, as columns is assumed to have full rank.

%1073
oF : . —— T . s : - :
of # 2 2 ¥ 8 F & ¢ 3 B X
2] N
o] BRI A A
P SRR N
] S -
1] -
SV e A T
R T
16 s . a " : .
0 50 100 150 200 250
bunch number ( head of train on right )
FIG. 17. Case of Fig. 14, bunch centroid vs bunch number.
5.4 T T T T T
62F »° T .
5f .
l\o @
: L]
48 o
46}t ’
44 ’ . . . .
0 5 10 15 20 25
bunch number (head of sub-train at right)
FIG. 18. Case of Fig. 14, increase of Touschek lifetime.

VI. CONCLUSIONS AND OUTLOOK

I have described a new method to compute the equilib-

rium charge densities of an arbitrary bunch train with gaps,
under the influence of an HHC, MC, and a realistic SR.

It succeeds under more difficult conditions than previous
methods, in fact for all conditions that arise in examples
studied to date. Realized by a serial code on a laptop
computer, the method takes only a few minutes for a

thorough survey of the parameter space.
As an example, the parameter set for ALS-U in the

preliminary design report was adopted. Results similar to
those obtained by macroparticle simulations in the report
could be obtained with a reasonable choice of detuning
parameters. The report does not specify detuning exactly,
and the physical model is different in not including the
short range wake, and may have a different treatment of the

MC beam loading.
This paper introduces the Anderson iterative method that
is probably new to accelerator physics, and which seems

very promising for further applications in the field. It is
especially interesting for problems falling under rubrics
such as “self consistency” or “phase space matching”, often

formulated in terms of nonlinear integral or differential

equations.

There are large-scale applications of Anderson’s method
and related ideas in the literature of ab initio quantum
mechanical calculations of material and molecular proper-
ties [10,11,17-19]. These are based on the Kohn-Sham

density functional formalism [20], which is similar in

spirit if not in specifics to systems arising from the
nonlinear Vlasov equation. It may be profitable to keep
an eye on this work to see if there are any lessons to

be learned for accelerator physics. Also, ongoing efforts
by numerical analysts are interesting, specifically for

Anderson acceleration [21].
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G Af = Axy,

which is motivated by the linear approximation to f. A
second condition requires that the Frobenius squared norm
|Grs1 — Gy||% be minimum with respect to Gy, subject
to condition (28). These two conditions lead uniquely to

Eq. (13).
A generalized Broyden method imposes multisecant

conditions,
p=k—my,..., k-1, (29)

GkAfp = Axp,

thus taking account of previous iterates in the spirit of
Anderson. Again imposing a minimum change of Gy, and
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