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Coherent synchrotron radiation can severely limit the performance of accelerators designed for high
brightness and short bunch length. Examples include light sources based on energy recovery LINAC or
free-electron lasers, and bunch compressors for linear colliders. In order to better simulate coherent
synchrotron radiation, a one-dimensional formalism due to Saldin, Schneidmiller, and Yurkov has been
implemented in the general beam dynamics code Bmad. Wide vacuum chambers are simulated by means
of vertical image charges. Results from Bmad are here compared to analytical approximations, to
numerical solutions of the Maxwell equations, and to the simulation code ELEGANT and the code of

Agoh and Yokoya.
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I. INTRODUCTION

It is envisioned that future accelerators will call for
shorter beams of higher intensity. A possible limiting
factor in these efforts is an increase in energy spread and
transverse emittance, as well as a microbunching instabil-
ity, due to coherent synchrotron radiation (CSR).

The first CSR calculations were performed by
Schwinger in 1945. Using a Green’s function method, he
arrives at the power spectrum of a single charge bending in
free space as well as between infinite conducting plates,
and thereby computes the coherent power radiated by a
collection of charges [1]. Warnock extends this work to
include the longitudinal impedance on a bunched beam [2].
Many papers covering the history and importance of CSR
forces can be found in [3].

This paper uses an approach to calculate the CSR wake-
field originating with Saldin, Schneidmiller, and Yurkov
[4] which is a generalization of a prior calculation [5,6].
The calculation starts with the CSR force between two
charges traveling on the same curve, and integrates over
a longitudinal bunch distribution to give a longitudinal
wakefield. Transverse particle coordinates and transverse
force components are neglected. The formalism can be
applied to any arbitrary coplanar lattice configuration of
bends and drifts, including, for example, radiation from
one bend entering another.

Simulating CSR effects is the subject of a number of
codes. The method here is implemented in the particle
tracking code Bmad [7]. Our simulation results are com-
pared with approximate analytic formulas as well as with
two of the codes described by Bassi [8]—the simulation
code ELEGANT and the code of Agoh and Yokoya.

II. TWO PARTICLE INTERACTION

The CSR analysis starts by considering two particles of
charge e following the same trajectory as shown in Fig. 1.
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The Liénard-Wiechert formula [9] gives the electric field
E(P) at the position of the kicked particle at point P and
time ¢ due to the source particle at point P’ and retarded
time #':

EP) =—¢

41€,
#(L — LBn') + LL X [(L — LBn’) X a']
~ (L—L - Bn')? ’

(D

It will be assumed that both particles have the same con-
stant speed B8 = v/c. The unit velocity vectors for the
source and kicked particles are n’ and n, respectively,
The retarded time ¢’ is related to ¢t via t — ¢ = L/c, where
L = P — P/ is the vector from the source point to the kick
point. At time 7, the source particle has a longitudinal
position z' with respect to the bunch center and the longi-
tudinal position of the kicked particle is z. The distance
{ =z — 7/ between the particles at constant time can be
computed via the equation

{=L;,— BL, (2)

where L, is the path length from P’ to P. Generally, the

FIG. 1. (Color) The radiation from a particle at point P’ kicks a
particle at point P.
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relativistic approximation 8 = 1 will be made. However,
some terms in 1 — 8 =~ 1/2y? will need to be retained.

The first term on the right-hand side of Eq. (1) hasa 1//?
singularity at small distances. Following Saldin et al. [6],
this singularity is dealt with by dividing the electric field
into two parts. The space charge component Egc, which
contains the singularity, is the field that would result if the
particles where moving without acceleration along a
straight line. The CSR term, Ecgg, is what is left after
subtracting off the space charge term

e sign({n
Ve
where sign(¢) is 1 for positive and —1 for negative . The

rate K = d€/ds at which the kicked particle is changing
energy due to the field of the source particle is

47760

Esc Ecsk =E —Ege, (3

K= KCSR + KSC =en- ECSR + en - Esc. (4)

Following Saldin ef al. [6], the transverse extent of the
beam will be ignored in the calculation of Kcqg. However,
the inclusion of the finite beam size will be needed to
remove the singularity in the calculation of Kgc as dis-
cussed in Sec. I'V.

III. CSR CALCULATION

The source point P and the kick point P will, in general,
not be within the same lattice element. Because the trans-
verse extent of the beam is being ignored, all elements will
be considered to be either bends or drifts and it will be
assumed that the geometry is coplanar.

In Fig. 1, R is the bending radius and g = 1/R is the
bending strength of the element that contains the source
point P’. The magnitude of the acceleration is a’ = ¢*/R.
This element ends at point O. The angle between P’ and O
is ¢, and d = R¢ is the path length between P’ and O.

Between point O and the kick point P, d; is the path
length within the ith element, i = 1, ..., N, where N is the
number of elements in this region. For the last element, dy
is the distance from the start of the element to point P.
For the ith element, ¢; is the bend angle, R; is the bend
radius, and g; = 1/R; is the bend strength. For a drift ¢, =
g =0.

In Fig. 1, (v, w) are the coordinates of point P with
respect to point O with the v axis parallel to the orbit’s
longitudinal s axis at point O, and the w axis pointing
upwards towards the inside of the element containing the
point P’.

With this notation, the difference in v and w from the
beginning of an element to the end is

R;(sin(¢p; + ;) — siny;) for a bend
A'Ui = {

d;cosiy; for a drift (5)
Avp, = {Ri(coswi —cos(¢p; + ;) for a bend
" d;sinys; for a drift,

where i, is the orientation angle at the entrance end of the
element

i—1
= b (6)
k=1

The above formulas are able to handle negative bends
(beam rotating clockwise). For a negative bend R;, g; and

¢, are negative while d; = R;¢; is always positive.
With the assumption that all bend angles are small, v
and w can be approximated by
v=v — V3, and w = w,, (7)

where

N 1
wy = ;dz(l//i + Egidi)J
- (8)

=

o, 1 1
(Z 2+ .0.d +—02d?
d1<2 l,bl Zl/jlgldl 6gtdt)’

and the small angles have been retained to second order.

The angle 6 of the vector n with respect to the v axis is
60 =YY gd, In the (v, w) coordinate system, the com-
ponents of the vector L are

g2d3
Lv=v+Rsingb=[y1+d]—[v3+T],
d2
Lw=w—R(1—cos¢)=w2—g—,
’ ©)
L=\/L%,+L$V
273 2)2
g>d 1(2w2—gd)]
=[v; +d]—| vy + - = :
[vi +d] [”3 6 8 v +d
The path length is simply
N
Li=d+Ydi=d+u,. (10)

=1
This, with Eq. (2), gives

141 + d
272

g'd> 12w, — gd’)?

1
8 v, +d

(= +|:v3+ :I (11)

where terms to second order in combinations of angles
and 1/v are retained. Substituting these expressions into
Eq. (1), and defining

a =y w, +gdv) +38d), Kk =y(0+gd),

12
T=7y(d+ v), (12

the individual terms in Eq. (1) read as
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1 87
(L—L-pBn)? (724 a?)?

72— a? + 2rak

n-(L—Lpn)/y* =

2')/57' ’
2 _ 2 _
n- (L X[(L~-Lpn')xa)/c*= 8(7 ;v )S(a TK)
VT
(13)
Putting these together yields
= g(7* — a?)(a — 7k)
Kesk = 4rcmc2y472{ R
2 — a2+ ZTaK} B rcmcz "
(72 + a?)? ,},2(2 :

While we have used SI units, the classical radius r,. and the
mass m have been used to make the formula independent of
the unit system.

From Eq. (14), KZqg., Which is Kcgg restricted to the
special case where points P and P’ are within the same
bend, reduces to Eq. (32) of Saldin et al. [6],

Ko — 4rcmczy4{ $*/4—1
CSR RZ 2(1 + &2/4)3
17 1+3°/4 1
?[(1 + Y4 1+ &2/12)2]}’ (1)

where ¢ = vy, a = R$p?/2, k = ¢, and 7 = Ré. This
equation is valid for q@ > 0; for (;3 <0, Kcgp 1s, to a very
good approximation, zero.

In the limit of small /, K¢ has a limiting value of

_ 2.4
4r.mc*y

Kegr({) = 3R2

R
for { < —. (16)
Y

At large values of £, { is cubic in ¢ so that ¢ =
(24¢/R)'/3. With this, Eq. (15) becomes
2r mc?

. R
Kisp({) = SRR LT for { > ot (17)

which corresponds to Eq. (10) of Saldin ez al. [6] [note the
error in the denominator of Saldin et al. Eq. (10)]. Figure 2
shows K (£), which changes sign at { = 1.8R/y>. The
long tail at £ > 1.8R/y> cannot be neglected since the
integral [§° d{Kcsr({) is zero. The vanishing of the inte-
gral is a reflection of the fact that a closed loop of charged
particles of uniform density does not radiate.

The fact that Kcgr is highly peaked in amplitude near
{ = 0 can be problematic for simulations at ultrarelativis-
tic energies because the characteristic longitudinal distance
between particles or mesh points needs to be less than
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I 1 4
| | :
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° - ] =
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FIG. 2. (Color) K¢gg (left) and ¢ (right) as a function of { for a
bend.

R/v?. One way of dealing with the peaked nature of
Kcsr is to first consider the kick from a line of particles
of density A(z) and then to integrate by parts

(flf)CSR _ f: dZ M Kesg(z —2) (18)

0 dA(Z
= [ d(j)ICSR<z—z'>, (19)

where
zl
Iesule — 2) = — [ d'Kesn(z — 2. (20)

I8sg, which is Icgg for P and P’ in the same bend, is
plotted in Fig. 3. The peaked nature of Kcgqg has been
smoothed over at the cost of having to deal with a deriva-
tive of A. For £ > R/, the approximation of Eq. (17) can
be used to calculate an explicit ultrarelativistic equation for
I¢gg as in [10],
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[ l ! — — 1/ Z1/3 Approximation
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FIG. 3. (Color) I¢gg as a function of  for a bend. The dashed
line is the large { approximation as given in Eq. (21).
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—2r.mc? 1 R
IESR(K) = W m for g > ? (21)
Equation (21) is also plotted in Fig. 3.

While, in general, it is helpful to have explicit formulas,
for the purposes of evaluation within a simulation program
this is not needed. The alternative is to use an exact implicit
solution. Because Egs. (11) and (14) are rational functions,
Eq. (20) can be integrated. The last term that compensates
K can be integrated to r.mc?/(y*{). The other terms can
be written with

a§_7'2+a2

ad 29272 (22)

as

) 2<a_z)—1 {g(# — ad)(a — )

K = 2r.mc
CSR ¢ Y od (72 + a?)?

7 —a’+ ZTaK} 0 (rcmcz)
ey 1 ey )

With d7/0d = v, da/dd = yg7, and dk/dd = yg,
one can further simplify to

A\~ 9 [T+ 9 (r.mc?
Kesg = —2rcmczy<—§) —<T aK) + _(rcmc )

(23)

ad)  dd\7* + a? ac\ y*¢
(24)
This can be integrated over ¢ to yield
2v(1 + ak) 1
- _ 2 —
ICSR(Z’ Zl) = r.mc (w W) (25)

It can be shown that, while quantities like d and g are
discontinuous across element boundaries, 7, «, and « are
continuous and, hence, /s is a continuous function as it
should be.

Equation (25), to second order, is equivalent to Eq. (10)
of Ref. [4]. Using Eq. (25), the integration of Eq. (19) in
a simulation program can be done via interpolation of
Eq. (11). Equation (25) has several advantages over equa-
tions like Eq. (21). It is applicable at lower values of Y3,
that is, at lower energies and/or smaller length scales.
Additionally, Eq. (25) has no singularity at small £, and
it can be used to handle any combination of elements
between the source and kick points.

IV. SPACE CHARGE CALCULATION

The singularity at small { in the space charge field Egc
in Eq. (3) is removed by considering the finite transverse
beam size. This term is equivalent to the problem of
calculating the field given a static distribution of charges.
It will be assumed that at any longitudinal position the

transverse profile of the beam is Gaussian. Thus, a longi-
tudinal slice of the beam will produce an energy change for
a particle at longitudinal z and transverse offset (x, y) from
the slice center of

dKsc(x, y, 2:7)) = f i / N dx'dy'p(x', y', 2)dz/
y remc*yg
[V + @ =)+ =y P
(26)

where { = z — 7/ and p is the bi-Gaussian distribution

_;BEEZ::exp[ > _ Y ]. 27)

T 5 2 H 2
2woo 200 20

px,y2) =

In the limit { — =0, dKgc can be obtained from Gauss’s
law

remc?sign($)p(z)dz!

B I
.0y exp[ztﬁ + 203]

For x = y = 0 and small  the space charge kick to first
order is

reme’sign()p(2)dz!

21 2
T oytoy
OxTy + 2 o,to, '}’|§

dKgc(x =y =0) = + o(£?).

(29)

In the limit of { — oo, the beam slice can be treated as a
point particle and

reme’sign({)p(2')dz’

y{ '
In general, Eq. (26) cannot be solved in closed form but a
reasonable approximation for space charge calculations

can be obtained by combining the above three limiting
cases using a quadratic in the denominator:

dKsc({ — o0) =

(30)

Ko ~ remcsign($)p(Z)dz!

o2+o?

2 2 :
0,0y exp[Z)fri + ;Tg] + ooto, 7';' + 7252

The factor of 77/2 in the linear term in Eq. (29) is dropped
in Eq. (31) since this gives a slightly better fit overall.
While Eq. (31) is not accurate for large transverse displace-
ments (|x| > 30, or |y| > 30,), both the actual and ap-
proximate dKgc are small in this region compared with the
kick for particles near x = y = 0 so this inaccuracy will
have a negligible effect on any simulations.

That Eq. (31) is a reasonable approximation is illustrated
in Figs. 4 and 5 which show Kgc as a function of z as
computed from an integration of Eq. (26) and from the
approximate Eq. (31) for a round beam and for a beam with
o,/o, = 1/100 aspect ratio. The particular parameters
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FIG. 4. (Color) Comparison between the approximation of
Eq. (31) and an exact integration of Eq. (26) for a round beam.

800 T T T T T T
I (x,y) = (0,0) Exact
L i (x,y) = (0,0) Approx.
g 600f--  — — = (x,y) = (104,0) Exact
B — + — - (xy) = (0,10}) Exact
2 i (x,y) = (104,0) or (0,10,) Approx.
8 400
|
X
o
o i
200
0

FIG. 5. (Color) Comparison between the approximation of
Eq. (31) and an exact integration of Eq. (26) for a beam with
o,/o, =00l

chosen for the computation are given in the figure. Two
cases were considered. One where the kicked particle is on
axis, and the other where the kicked particle is displaced by
X = o, ory = o, off axis.

At high energies, the CSR energy kick is independent of
the beam energy as indicated by Eq. (21). On the other
hand, the factors of y in the denominator of Eq. (31) ensure
the Kgqc will be a decreasing function of y. Above some
energy, the effect of Kgc will be small compared to the
effect of Kcqr. To estimate that point, consider the maxi-
mum energy kick in a Gaussian bunch of N, particles with

(32)

The space charge kick is maximum at x, y = 0 and using
Eq. (31) gives

N, r.mc?
K-(0,0,2) = e
5¢ V2mo,
— /)2 2
exp[— 5471 — exp[— G4

z

x[:dg

The dominant term in the denominator in the integrand is
either o o, for small £, or y*{* for large {. As an
approximation, the middle term in the denominator will
therefore be ignored. The approximation sinh(z¢{/0?2) =
z{/o? will also be made. This approximation is justified
since, as seen below, the region of maximum Kgc is around
z =~ o, and for realistic beam parameters, 0,0, < y*0?.
Therefore, the only significant contribution to the integral
will come in the region { < o,. With these approxima-
tions, Eq. (33) becomes

o
0.0y + ErB g+ P
(33)

2N,r.mc*zexp[— %] foo Zexp[— %]
V2mo? C

K = —_— .
sc(2) ) o0y + yzé«z

(34)

The integral can be evaluated to (2?)~'e“Ei(a), where Ei
is the exponential integral and a = o,0./(2y*0?). For
small a, this is approximately — In(a). The maximum of
Ksc occurs at z = o,. Using 0,0, < y?0? then gives

_1 2
ex 51 N,r.mc o0
Kgc, max= — pL=al Ner ( y)

27

. _Nercmc2 o <0'xa'y)
4o2y? g 2y2a?)

oy 2y

(35)

On the other hand, The maximum CSR kick at large
energies is, from Eq. (14),

N,r.mc?
KCSR’ max= (.8 8c7. (36)
(R oD
The ratio is
Ksc, 29202\ 1 [ R\2/3
Ksc.max [0.310g< Y UZ)]—2<—) NGY))
K(gr, max ooy )1y \o,
Kgc/Kesg will be small when
R\1/3
Y > M( ) , (38)
o-Z
where
2 252\71/2
M= [0.310g< 4 "Z)] : (39)
XO-V
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M is slowly varying and, for many practical problems, of
order unity. In this case, o, must be interpreted as the
characteristic longitudinal distance over which the bunch
density is changing.

Condition Eq. (38) is similar to the condition for the
validity of the ultrarelativistic Eq. (21). From Fig. 21, The
condition for validity of Eq. (21) is seen to be

R\1/3

V. CSR IN BMAD

The above algorithm for simulating CSR and longitudi-
nal space charge (SC) has been implemented as part of the
Bmad [7] subroutine library for relativistic charged-
particle simulations. Bmad simulates a beam as a set of
particles. To simulate CSR, the beam is tracked through a
lattice element by dividing the element into a number of
slices. Tracking through a slice involves first propagating
the particles independently from each other and then ap-
plying the CSR and SC energy kicks. To calculate the
energy kick, the beam is divided longitudinally into N,
bins as shown in Fig. 6. For the purposes of computing the
charge in each bin, each beam particle is considered to
have a triangular charge distribution. The overlap of the
triangular charge distribution with a bin determines that
particle’s contribution to the total charge in the bin. The
width of the particle’s triangular charge distribution and
the number of bins are set by the user. The bin width is
adjusted at each time step so that the bins will span the
bunch length. Increasing the particle width smooths the
distribution at the cost of resolution.

The charge density A; at the center of the ith bin is taken
to be A; = p,;/Az,, where p; is the total charge within the
bin and Az, is the bin width. The charge density is assumed
to vary linearly in between the bin centers. The CSR
energy kick for a particle at the center of the jth bin after
traveling a distance dsg;.. according to Eq. (19) is then

Ap

particle

o ,——bins

Y4

FIG. 6. (Color) Bmad implementation of the CSR algorithm.
The beam of particles is divided up into a number of bins. The
contribution of a particle to a bin’s total charge is determined by
the overlap of the particle’s triangular charge distribution and the
bin.

Ny

d€; = dsgice (N = Ai—y)
i-1

% Icsr(j — i) + ;CSR(j —i+ 1)’ @1

where

Icsr(j) = Icsr(z = jAz,). (42)

Evaluation of Icgg(j) involves inversion of Eq. (11) to
obtain d. Because z is a monotonic function of d, Newton’s
method [11] is used to find numbers d; and d, which
bracket the root and then Ridders’ method [11] is used to
quickly find d.

In deriving Eq. (41), the approximation

[(/'“)Azh J Icsg(j) + Icsg(G + 1) 43)
JAz, 2

2lcsr(z) = Az,

has been used. Generally this is an excellent approxima-
tion, except when j = 0 and Az, > R/y>, as shown in
Fig. 3. Here, however, the integral can be done exactly
assuming that the source and kick points lie within the
same element:

2 2.0
2y AZb) _d(Az,)g 44

fAZde (0) =~ 1(
0 ZIcsr\Z 72 n d(AZb) 4

Once the energy kick at the centers of the bins is
calculated, the energy kick applied to a particle is calcu-
lated via interpolation assuming a linear variation of the
kick between bin centers.

In calculating the energy kick, the computational time
for calculating the charge in the bins scales as N,, the
number of particles in the simulation. The computational
time for calculating the energy kick at the bin centers
scales as N%, and the time for calculating the energy kick
of the particles scales as N ,.

A. Chamber walls

The Bmad simulation incorporates the shielding of the
top and bottom chamber walls by using image currents.
The Appendix explains why neglecting the width of a
chamber is a good approximation when the width is larger
than the height. Since the image currents are well separated
from the actual beam, there are no singularities to deal
with, and a direct integration of the kick without subtract-
ing off K¢ is possible. Using Egs. (14) and (18), the image
current kick is calculated in Bmad via the equation

N;

d€ j(image) = 2 * dsgice D (—1)F
k=1

Ny
XD g% K(z=(j — i)Azy, y = kh), (45)
i=1
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where ¢; = A;Az, is the charge in a bin, & is the chamber
height, and k indexes the image currents at vertical dis-
placement y = *kh. The number of image charges N;
needs to be chosen large enough so that the neglected
image currents do not have a significant effect on the
simulation results. Because the relevant angles are not
small, the image charge kick K must be calculated without
the small angle approximation, as in Eq. (14).

VI. AGOH AND YOKOYA CSR CALCULATION

Agoh and Yokoya (A&Y) have developed a code to
calculate CSR wakefields by directly integrating
Maxwell’s equations on a mesh representing a rectangular
beam chamber [12]. The approach depends on the paraxial
approximation, a rigid Gaussian bunch density, small
chamber dimensions relative to the bending radius, and
ultrarelativistic particles. Using a comoving coordinate
system (x, y, s) in Fourier space, they are able to reduce
the problem to a tractable two-dimensional differential
equation,

9 i 2k?x 1
g, = L[(w +—>E Ly ] 46
g5 © 2k[< L R = € LPo (46)
where E is a complex two-dimensional vector related to
the perpendicular electric field, p, is the charge density, k
is the wave number, and R is the magnet bending radius. It
is solved using a finite-differencing method.

VIL. CSR IN ELEGANT

The particle tracking code ELEGANT (version 17.2.2)
uses Eq. (47) to compute CSR kicks without shielding by
a vacuum chamber [13]. The charge distribution A(z) and
its derivative dA/dz are calculated by binning the macro-
particles and then employing a smoothing filter.

VIII. CSR WAKE FORMULA

A. Transient effects at magnet edges

Using retarded fields, Saldin et al. [6] derive, in the
ultrarelativistic limit, a formula for the wakefield due to a
bunch entering from a drift region into a bend
(dé’) _ 2N,r.mc? {/\(s —s57) — A(s — 4s)

ds 31/3R2/3 52/3
s 1 ax
+ [ e } (47)
_ R¢?
Sp =—-,
L 2g

where ¢ is the angle traveled into the magnet by the bunch
center. Equation (47) reduces to the free space steady-state
wakefield of Eq. (21) in the limit §; — oo.

As worked out by Emma and Stupakov [10], synchro-
tron radiation will continue to propagate and affect the

bunch beyond the end of a bending magnet. For a finite
magnet of length L,,, an ultrarelativistic bunch at a dis-
tance x from the end of this magnet experiences the free
space exit wakefield

(dé’) _ Nercmc2{4 Als — As(L,,)]

ds L, +2x
L, 4 aAs(I)
- AMs — As(l dlt, 48
ﬁ) N = As] } 48)
Bl +4x

As(l) = (49)

24R* [+ x

B. Steady-state CSR in a bend

CSR effects in a vacuum chamber have been computed
by the Green’s function of grounded parallel plates [1,2].
These formulas are difficult to compute numerically, due to
the presence of high order Bessel functions, so we will use
an excellent approximation developed by A&Y [12]. The
impedance for the steady state in a dipole with horizontal
plates separated by a distance # is

27 2\1/3 &
Z(k) = Zo—\ 5 z Fay(B3), (50)
0 h (kR) = AY\Pp

Fay(x) = Ai'(x)[Ai'(x) — iBi'(x)]

+ xAi(x)[Ai(x) — iBi(x)], (51)
/
B,=@2p+ 1)%(%)1 ' (52)

where Z, = cu 1s the free space impedance, k is the wave
number, and Ai and Bi are Airy functions. The parallel
plate wakefield due to a bunch with longitudinal density
A(z) is obtained by Fourier transform:

(d—g) =—Nercmczm<i f OoZ(k)X(k)e““dk), (53)
dS pp ZO 0

Ak) = ff M2)e K dz, (54)

IX. COMPARISON BETWEEN BMAD, AGOH AND
YOKOYA, AND ELEGANT

In order to validate our method, we compare simulations
from Bmad to those using the A&Y code and ELEGANT. For
ease of reading, all magnet and bunch parameters used are
enumerated in Table I, and will be referred to by the
corresponding letter. Additionally, all wakefields in the
graphs are normalized by

2
__ N,r.mc

Wy = ———7%, (55)
(R20.421)1/3
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TABLE 1. Parameters used in simulations.

R L w h o, Wo
Set (m) (m) (cm) (cm) (mm) (keV/m)
A 10.0 3.0 50.0 2.0 0.3 96.4
B 10.0 1.0 34.0 28.0 0.3 96.4
C 10.0 1.0 10.0 10.0 0.3 96.4
D 10.0 1.0 60.0 10.0 0.3 96.4
E 1.20 0419 0.762 0.3 0.036 6695.5
F 222 0.678 1.71 254 1.0 52.8
G 87.9 6.574 8.0 4.0 0.3 22.6

which approximately describes the maximum amplitude of
the CSR wake d&/ds.

All simulations used a bunch charge of 1 nC, and an
energy of 1 GeV. For Bmad, the nominal simulation pa-
rameters were N, = 800 bins, N, = 4 X 10° macropar-
ticles, N; =32 image charges, a tracking step of
dsgep = 0.1 m, and a triangular bin width, of 16 bins.
Variations in the initial distribution due to statistical noise
and the finite number of particles can have a profound
effect on the results. This is illustrated in Fig. 7 which,
using parameter set A, shows energy loss as a function of
longitudinal position for four different cases. The four
plots of Fig. 7 show the effect of varying the number
particles, the number of bins, as well as the algorithm for

generating the initial distribution. The top left plot, which
used 10000 particles, had its initial distribution generated
using the pseudorandom number generator RAN from
Numerical Recipes [11]. This is to be compared to the
top right plot which is the same as the top left except the
“quasirandom” number generator SOBSEQ [11] is used in
place of RAN. This generator generates a distribution that is
more uniform than the uncorrelated points of the pseudor-
andom generator and virtually eliminates the statistical
noise of the top left plot. The statistical noise can also be
reduced, at the cost of computation time, by increasing the
number of particles as shown in the bottom left. In this case
the number of particles is 100000 but the noise is still
greater than the case using the quasirandom generator. The
bottom right plot is similar to the bottom left plot except
the number of bins was decreased to 200 and the particle
width was decreased to 8 bins thus keeping the true particle
width constant. As can be seen, this does not materially
affect the results; however, the computation time and the
resolution are reduced by reducing the number of bins.

A. Steady-state case

Figure 8 shows the steady-state CSR kick in a bend as a
function of z for various values of the chamber height. The
parameters used correspond to set A of Table I and are the
same as used for Fig. 1 of A&Y [12].

,.-«.-\:’-‘ 10,000 particles ._.-"‘ s 10,000 particles
: 800 bins S 800 bins
32 bin particle width : 32 bin particle width
pseudo random B quasi random
s - l' s
J a \./,
3 ,-":
el 100,000 particles - : 100,000 particles
SN 800 bins SOn 200 bins
32 bin particle width 8 bin particle width
pseudo random pseudo random
" : "
:\. g \ s

FIG. 7. Energy loss versus longitudinal position from a Bmad simulation using parameter set A. The four graphs differ in the number
of particle, number of bins, particle width, and the generator used to initialize the particles.
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Il h=15cm
Bl h=25cm
Bl h=40cm
Bl h=60cm
Bl h=80cm
0 clegant

“10 s 0 s 10

z/o0,
FIG. 8. (Color) The steady state using parameter set A for
varying chamber heights s. The A&Y code (dots), Bmad

(circles), and the CSR-wake formula Eq. (53) (lines) agree
well, and ELEGANT agrees with the data at large chamber heights.

Figure 8 shows excellent agreement among the A&Y
code, Bmad, and the CSR-wake formula Eq. (53).

B. Transient case

Parameter sets B, C, and D are used to explore the
transient case where some of the kick is generated from
particles in the drift region before the bend. Set B corre-
sponds to values used in Fig. 3 of Agoh and Yokoya [12],
which has a chamber of relatively large cross section.
Figure 9 (left) shows agreement between Bmad, the
A&Y code, and the CSR-wake formula Eq. (47).
However, for parameter set C in Fig. 9 (right), where the
chamber is smaller, as in Fig. 4 of Agoh and Yokoya, there
are some differences to be noted for z/o, > 2. The differ-
ence between Eq. (47) and Agoh and Yokoya was noted by
them and is explained by the effect of the finite chamber
size which is not included in Eq. (47). In contrast, Bmad,
which includes the effect of the top and bottom walls but
not the side walls, is in good agreement with A&Y, even
though the chamber height and chamber width are equal.

0.5}
=
\% 0.0
=

05}

z/o;

Parameter set D, which is the same as set C except that
here the chamber width is much larger than the height, is
used to analyze whether the chamber width is responsible
for this difference. Figure 10 shows that the difference,
which is larger for longer magnets, remains and thus is due
to the reduced chamber height. Varying the number of
Fourier coefficients used in the A&Y calculation in
Fig. 11 does not change this result, verifying that we chose
a reasonable number of Fourier coefficients for solving the
Maxwell equations numerically. Reversing the set D height
and width, as in Fig. 12, somewhat reduces the difference.
This indicates that the effect is due to the reduced chamber
height. Practically speaking, the difference in these wake-
fields only becomes appreciable far in front of the bunch,
where there are few particles to affect. How strong the
deviation becomes for especially small chamber heights is
displayed in Fig. 13 which, again using parameter sets B
and C, and using a chamber height of 7 = 2 c¢m, shows the
CSR wake as a function of z. Again, Bmad and A&Y are in
fairly good agreement.

C. Realistic magnets

To evaluate how significant the differences are in real-
istic magnets, we use parameter sets E, F, and G which
correspond to the JLab TH2, CESR analyzer magnet, and
Cornell Energy Recovery Linac (ERL) CESR region mag-
nets, respectively. Wakefields for the first two are plotted in
Fig. 14, showing good agreement between the A&Y code
and Bmad. The free space steady-state wakefield Eq. (47)
and results from ELEGANT are plotted for reference.

The principal detrimental effects of the CSR wake in an
accelerator are energy loss and increase in energy spread of
a bunch. The transverse bunch distribution can also be
affected and is mostly influenced by increases of the en-
ergy spread which, through dispersive orbits, couples to
transverse motion. To visualize CSR-driven energy loss
and energy spread in a single magnet, we plot in Fig. 15

0.5
=
= 00
3
=

-05

z/o,

FIG. 9. (Color) Left: The transient case using parameter set B with a relatively large chamber. Right: Set C with a smaller chamber
(right). A&Y code (dots), and Bmad (circles), are generally in good agreement. The CSR-wake formula Eq. (47) (lines), which does
not take into account shielding, agrees in the former case but shows differences in the latter.
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0.6 ¢ ) L =60cm 1
04t
- 02¢
=3
= 00
= -0.2} Bl A&y
. - Bmad
-04 ¢ Il clcgant
—-06} - Free Space Formula
—4 -2 0 2 4 6 8 10
z/0o,
0.6 L=80cm 1
04t
Eo 0.2
% 0.0
= 02
- Bmad
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—-0.6 - Free Space Formula
z/o,
06 L = 100cm
/7 N\
04t VRN
/:EV ‘\‘
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1] F
= B A&y
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elegant
M e
- Free Space Formula
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FIG. 10. (Color) Length dependence for the transient cases using
the wide chamber in parameter set D with magnet lengths of
60 cm (top), 80 cm (middle), and 100 cm (bottom). The codes
deviate from the CSR-wake formula of Eq. (47) for longer
magnets, but Bmad (circles) agrees with A&Y.

the average and standard deviation of the CSR wake across
the bunch distribution as a function of distance into the
magnet. This is done using parameter set G, where we
examine how well one can ignore the chamber width, as
done in the Bmad calculation. One sees that, in this
shielded case, the chamber width w in the A&Y code
begins to change the wakefield when it is comparable or
less than 4 cm, the height of the chamber. This effect is

0.5}
A
s 00 it LS
< ~ 7
o A f
ol
—03t Lo | Il Nk=128
v |/ Il Nx=1024
~10! \ § [ Free Space Formula
g
-10 -5 0 5 10
z/o;

FIG. 11. (Color) Using parameter set D, varying the number of
Fourier coefficients (Nk) used in the A&Y calculation does not
change the numerical solution of the Maxwell equations, and
therefore does not account for deviations in the presented com-
parison of codes.

heuristically explained in the Appendix. It again shows that
ignoring the chamber width, as in Bmad, is a reasonable
approximation when the chamber width is significantly
greater than its height.

It is apparent that shielding by a vacuum chamber re-
duces the power emitted by CSR very effectively. It does
not reduce the energy spread nearly as much, and is there-
fore not as effective for preserving bunch properties as one
might have concluded from the reduced radiation power.
Interestingly, the 4 cm wide chamber even produces a
larger standard deviation of Wgr than wider chambers.

D. Exit wake

The method in this paper can correctly account for the
CSR wake in a drift section following a magnet. Using
parameter set A, Fig. 16 shows this wake as a function of
the distance d from the end of the magnet in free space and
with shielding. The free space case shows excellent agree-
ment between Bmad and the CSR-wake formula Eq. (48).

To show that Bmad correctly computes exit wakes with
shielding, we compare Bmad with a numerical solution
using retarded fields. In order to avoid the complication of
computing retarded times and positions of the bunch dis-
tribution and its image charges, we do not use Liénard-
Wiechert fields, but rather Jefimenko’s equations [9]. In
general, the electric field due to a one-dimensional charge
density p(s, r) and current density J(s, f) at a position s,
time ¢, and height 4 is

1 L L [dp(s, )
E . — 1y = /v +_
(5 1h) = 1 [ ds{Lg[ms,z)] CLZ[—M, ]

where L is the vector from position s’ to position s at
height h, L is its magnitude, and the brackets [ ] are
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FIG. 12. (Color) Length dependence for the transient cases using
a tall chamber by reversing width and height in parameter set D
with magnet lengths of 60 cm (top), 80 cm (middle), and 100 cm
(bottom).

evaluated at the retarded time ¢/ =t — L/c. Compared
with integrating over retarded fields at s’, using
Jefimenko’s equations has the advantage that one never
has to solve for the retarded time in equations of the type
t=t—|r—r(@)|/s.

The total electric field due to alternating image charges
is then

Eimges(s, 1) =2 Y (= 1)"E(s, 5nh).  (57)
n=1

0.4

Wesr / Wo

Wesr / Wo

z/o,

FIG. 13. (Color) The same as Fig. 9, except with the chamber
height reduced to 2 cm. A&Y code (dots), Bmad (circles), and
the shielded steady-state CSR-wake Eq. (53) (line).

Applying this to the geometry of a bend followed by a drift,
Fig. 16 (bottom) shows excellent agreement with Bmad.

E. Wake from bend to bend

The wake generated from one bend may still be signifi-
cant even when the beam is traveling through successive
bends. This is shown in Fig. 17. This figure shows the
wake, without shielding, in the second bend of a bend-
drift-bend configuration using the parameters from set B of
Table I and with a 1 m drift between the bends.

Shown in the top graph of Fig. 17 is the wake at 1 cm
into the bend as calculated by Bmad and ELEGANT. For
reference, a third curve has been added that shows the
wake, as calculated from Bmad, for a drift-bend configu-
ration. The code of A&Y could not be used since it does
not handle a bend-drift-bend configuration. ELEGANT does
not take into account the wake from one drift into another
so both the Bmad bend-drift and ELEGANT simulations
show a negligible wake. On the other hand, the Bmad
bend-drift-bend simulation shows a substantial wake.

Shown in the bottom graph of Fig. 17 is the wake at
100 cm into the bend as calculated by Bmad and ELEGANT.
Again, for reference, a third curve has been added that
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FIG. 14. (Color) Realistic magnets: Parameter set E (JLab TH2
magnet) line (top), set F (CESR analyzer magnet) (bottom).
Bmad agrees with the CSR-wake formula Eq. (53) better than
the other codes at the bunch tail.

shows the wake, as calculated from Bmad, for a drift-bend
configuration. Here, the wakefield for z/o, <2 is the
same with and without the initial bend indicating that the
wakefield in this region is principally formed in the second
bend. However, for z/o, = 2 the wake from the first bend
is clearly important.

F. Coherent energy loss

In general, for N particles traveling on the same curve at
different phases ¢,, the N particle power spectrum is

ap™ & o, |2dPY ( o\ dPW
— | S et P (s S i ¢,,>)7
dw ,; mzin dw
(58)
dp 2
~ N+ NV = 1) I /dz/\(z) exp(i%)
w c
ap
X , (59)
dw

where dP" /dw is the single particle power spectrum, and
A(z) is the longitudinal particle distribution. The first term

0.3 — T T T T T

< w=2cm

> -- w=4cm = - - _ -
8 02} -- w=6cm p
= w=8

= -- w=8cm

£

.20

)

Average Wesg / Wy

% into magnet

FIG. 15. (Color) Average and standard deviation of the CSR
wake across the bunch distribution for parameter set G (the
Cornell ERL’s CE magnet) for various chamber widths using
the A&Y code, compared to Bmad, which has an infinite
chamber width.

in Eq. (59) is the incoherent power spectrum, while the
second is the coherent power spectrum. In the presence of
conducting parallel plates, the single particle power spec-

d
02 F T . - ' - m ()((r)ri)
‘ 02
] 8'%
0.0 (1)38
: 13
& -0.2 t %g
U .
- =39
-04 ¢ 22
2.6
2.8
—06 30
d(m
04 ' ' ——m !
02
] 8'%
02 | |=oe
A 1.0
g LE \ \j\ e | %421
~ 0.0 Wl o2 Ao :
4 B /// RS, \\ N i %g
= \)‘v\<’:// b A -%2(2)
-0.2 ¢ =22
T 26
2.8
-04 t . ) ‘ ‘ 1250
-4 ) 0 ) 4
z /o,

FIG. 16. (Color) Exit wakefield as a function of the length d
from the end of the magnet for free space (top) and with
shielding (bottom). Bmad (dots) shows excellent agreement
with CSR-wake formula Eq. (48) (top lines) in the free space
case, and with numerical integration over image bunches using
Eq. ((47) (bottom lines). Parameters set A is used.
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FIG. 17. (Color) The wake in the second bend of a bend-drift-bend configuration as calculated by Bmad and ELEGANT. For reference, a
third curve has been added that shows the wake, as calculated from Bmad, for a drift-bend configuration. The parameters from set B of
Table I and with a 1 m drift between the bends was used. Top: The wake after 1 cm into the bend. Bottom: The wake after 100 cm into

the bend.

trum is given in Eq. (47) of [1]. Using this, Eq. (59) can be
integrated numerically.

As a test of Bmad, Fig. 18 shows the total coherent
energy lost for various particle energies and chamber
heights as calculated using Bmad and as calculated by

: : : : 7 EMeV)
0
. | B
=500 |- ]
E Bo
2 —1000¢ ] Izo
—
= —1500 1 40
3 . |
~2000 ] I 80
~2500 f; : , : 1 5000
0.00 0.05 0.10 0.15 0.20
h(m)
E(MeV)
400 F ]
I 5
g 200 1 I 10
T ; ; kS
= - ; ,
40
9 200} N |
I 80
400 ] ‘ ‘ ‘ ‘ ] Isooo
0.000 0001 0002 0003 0004 0.005
h(m)

FIG. 18. (Color) Average energy losses versus shielding height
for various energies. The bottom plot is the same as the top
highlighting the smaller heights. Bmad (dots) agrees well with
numerical integration of Eq. (59) (curved lines) using the
shielded power spectrum of [1] down to 2 mm. Steady-state
losses computed using Eq. (60) are indicated as horizontal lines.
Parameters set A is used, with the number of image layers N; =
64.

integration of the power spectrum. The figure shows ex-
cellent agreement for energies down to 5 MeV and cham-
ber heights down to 2 mm. At smaller heights, the number
of image layers used in the simulation (N; = 64 here) is not
sufficient to correctly model the CSR.

In the absence of shielding plates, Eq. (59) can be
integrated exactly for a Gaussian distribution using the
well-known free space single particle power spectrum
(see Ref. [14]). For a bunch length of o, the total power
lost by N particles is

30,73
PN = pON + PON(N — 1 T( z ) 60
v -01(er) @
where
2 4 4
P = g”cmc3 BRZ (61)
is the power lost by a single particle, and
9 1 1 9
I(a) = =5 ~— K56l s — . 62
N e"p(saz) 5/ 6<8a2) T

This result agrees well with Bmad in Fig. 18. The
function T(a) can be expanded asymptotically, giving the
leading order coherent energy change in a length L as

I L
6'/3ﬁ (Rzag)l/y

AEWN) = —N2r mc? (63)

This is proportional to W, in Eq. (55), which is the reason
for using such a scale factor.

040703-13



DAVID SAGAN et al.

Phys. Rev. ST Accel. Beams 12, 040703 (2009)

1.0

05[

° o.of
z |
=

-0.5[

1.0}

-1.5L

FIG. 19. (Color) The full (CSR + SC) steady-state kick as a
function of longitudinal position for four different energies
between 10 and 100 MeV.

X. BEAM ENERGY DEPENDENCE OF THE
ENERGY LOSS

In the ultrarelativistic limit, the energy loss due to CSR
is independent of the beam energy [for example, see
Eq. (21)] and, as shown in Eq. (37), the SC loss is negli-
gible. The situation is quite different at lower energies.
This is shown by Fig. 19 which shows the full (CSR + SC)
steady-state longitudinal kick as a function of longitudinal
position at four different beam energies between 10 and
100 MeV for a Gaussian bunch without shielding. The
parameters chosen in this simulation are appropriate for
the Cornell ERL merger. As can be seen from the figure,
there is an increase in energy loss for z < 0 and increase in
energy gain for z > 0 as the beam energy is lowered.

That this increase in energy variation with decreasing
beam energy is due to the SC kick component is illustrated
in Figs. 20 and 21 which show the steady-state kick with
and without the SC component at energies of 20 and
40 MeV. In fact, the energy variation due to the CSR
component alone decreases with decreasing beam energy.

W/W,

FIG. 20. (Color) The steady-state kick due to CSR alone and the
combined CSR and SC kick for a 20 MeV beam.

04 ——————— R T T

0.0

W/W,
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04f AEWOMoL

0.8 L L L

FIG. 21. (Color) The steady-state kick due to CSR alone and the
combined CSR and SC kick for a 40 MeV beam.

At 40 MeV the SC component is significant but not
dominant. At 20 MeV the situation is reversed. In this
energy range the variable M from Eq. (39) is 2.7 to a
good approximation, and which according to Eq. (37) gives
a crossover energy of 69 MeV. That the simulation indi-
cates a lower energy for the crossover can be explained by
noting that the CSR calculation assumes that all particles
are on axis and it does not take into account any falloff in
CSR kick with increasing transverse kick.

X. CONCLUSION

A formalism for calculating the longitudinal kick due to
coherent synchrotron radiation originally due to Saldin,
Schneidmiller, and Yurkov has been implemented in
Bmad along with a heuristic formula for the longitudinal
space charge kick. The space charge kick is only significant
at lower particle energies where the neglect of any trans-
verse forces in the formalism may make simulations in-
accurate. However, the formulas developed allow one to
determine if the ultrarelativistic approximation is
warranted.

We show that the longitudinal wakefield compares well
with the code of Agoh and Yokoya [12] and the CSR-wake
formula of Warnock [2] for the steady state, with and
without CSR shielding by parallel plates. In the transient
case where the A&Y code often does not follow the CSR-
wake formula of Eq. (47) exactly, Bmad does agree well
with that of Agoh and Yokoya. This agreement is comfort-
ing but not surprising because related approximations
underlie each of the approaches. Comparison to the CSR-
wake formula may indicate the level of accuracy of the
Bmad approach. A detailed analysis of the accuracy is
presented in [14].
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FIG. 22. Numerical results using the A&Y code with varying
dimensions of a rectangular chamber. A 1 m, 7.5° bend with a
2 ps long bunch of 0.82 nC charge was used. Contours represent
the energy change induced due to the CSR wakefield in 2000 eV
increments. The shielding effect is thus primarily due to the
smaller of the two beam-pipe dimensions.
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APPENDIX A: HEURISTIC SHIELDING
ARGUMENT

Initially, it might seem surprising that a vacuum cham-
ber whose width is on the order of centimeters can have a
shielding effect on synchrotron radiation whose wave-
length is much smaller. We therefore add a heuristic ex-
planation here.

Starting with Schwinger [1], shielding by a vacuum
chamber has often been considered by studying infinite
horizontal, conducting plates. But the following heuristic
argument indicates why it is both the vertical and the
horizontal boundary that determines shielding of CSR.

A highly relativistic particle emits synchrotron radiation
within a narrow cone. For the radiation’s component of
wavelength A, the opening angle of this cone is approxi-
mately A6 = (4)'/3 in the horizontal and vertical. The
opening angle in the vertical determines the vertical width
of the radiation load on the vacuum chamber wall.

The radiation field builds up within a radiation buildup
time of At = £(2)!/3. During this time, the radiation fields
produced by the electron coherently add up to form the full
radiation power. If the radiation does not interfere with an

obstacle, for example, the vacuum pipe, within this time,
the electron loses as much energy as it would without any
vacuum pipe.

The width and height of the radiation cone that builds up
during the radiation buildup time is therefore given by
w, = h, = cAtAf = R(2)*3. Vacuum chambers that
have smaller dimensions interfere with the radiation pro-
cess and shield the part of radiation for which

A= minl:w\/z h\/E:I
R R

Wavelengths are therefore shielded when they are above a
length that is much smaller than the chamber dimensions.

While we have used a very approximate heuristic argu-
ment, Fig. 22, which shows the CSR induced average
energy change as a function of chamber height and width
as computed by the A&Y code, indeed shows that both
dimensions can lead to shielding. The figure also shows
that, in the first approximation, only the smaller of the two
dimensions is relevant.
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