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Short-range wakefields in an L-shaped corrugated structure
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We present analytical and numerical studies of short-range wakefields in an L-shaped corrugated
structure. This structure has variable streaking polarization and the quadrupole wakefield component is
suppressed when the beam moves with equal distances to both plates. These features provide promising
capability in multidimensional beam phase space diagnostic and fresh-slice applications. We first give
zeroth-order analytical expressions of the longitudinal and the transverse wake functions using the
conformal mapping method. Then we combine these results with the first-order approximate formulas of a
single-plate structure to obtain more accurate analytical approximations of the wake functions of the
L-shaped structure. In order to confirm the accuracy of the analytical model, we have developed a
numerical method based on integral equations in the frequency domain for arbitrarily shaped waveguides

with surface impedance boundary conditions.
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I. INTRODUCTION

X-ray free-electron lasers (XFELs) have been steering
scientific applications in a broad range owing to their
highest brightness. The customization of the x-ray pulse
properties for unique user requirements has involved
various types of active or passive devices. Over the past
few years, the utilization of the wakefields originated from
a metallic corrugated structure [1], also called a dechirper,
has successfully demonstrated applications such as electron
beam energy chirp control [2,3], multicolor pulse gener-
ation [4,5], pulse duration shortening [6,7], and time-
resolved diagnostic [8,9] in XFELs. Dielectric structures
were also used [10] at XFEL facilities, but so far limited to
low electron beam energy.

The passive, metallic corrugated structure was first
proposed to be a round one [1] and later built at several
FEL facilities to be two parallel plates for better adjust-
ability. In such a flat geometry structure, both the dipole
and quadrupole components of the transverse wake exist
near the symmetry plane between the two plates. When the
electron beam passes through the structure away from
the symmetry plane, an extra monopole component of the
transverse wake is also excited and streaks the beam
transversely. For applications that only utilize the longi-
tudinal wake, such as energy chirp control, two identical
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parallel-plate sections are usually orthogonally placed with
the electron beam passing through the axis to minimize the
effect of the quadrupole component [11]. For applications
that mainly utilize the monopole kick of the corrugated
structure, such as short pulse generation and two-color
generation, the electron beam is usually placed far away
from the symmetry plane of the two plates or simply only a
single plate is used [12—14]. In such a setup, the quadrupole
wakefield effect could not be easily compensated and it is
favorable to have small # functions at the location of the
structure to reduce the time-dependent mismatch along the
beam [14,15]. It is worth noting that a small # function at
the corrugated structure location also reduces the streaking
effect, which can be compensated by a closer distance to
the plate.

Recently, an L-shaped corrugated structure with the
electron beam passing near the corner of the L-shape
was proposed to cancel the quadrupole component of
the transverse wakefields while maintaining the streaking
strength [16]. Such a structure also allows the possibility to
switch between L-shape operation and single-plate oper-
ation by adjusting the distances between the electron
beam and the two plates. These features of the L-shaped
corrugated structure can potentially facilitate “quadrupole-
free” streaking of the electron beam in advanced FEL
lasing schemes and multidimensional beam phase space
diagnostics.

Despite the promising applications, an accurate wake-
field model of such a structure has not yet been developed.
The calculation of the wakefields for corrugated struc-
tures with round and parallel-plate geometry has been
performed numerically using the field matching method
[11] and time-domain simulations [17-19]. Analytical
models for the short bunch wakefields were developed
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to the zeroth-order [20] and the first-order [12] approxi-
mation, assuming that the impedance of corrugations can
be represented by a surface impedance [21]. The first-order
model was further extended to single-plate flat geometry by
taking the limit of the aperture for the parallel-plate
geometry to infinity [13]. In Ref. [16], wakefield calcu-
lations for the L-shaped structure were performed numeri-
cally in the time domain for a relatively long electron beam.

In this paper, we present an analytical model and a
numerical method for calculating the short-range wake-
fields of the L-shaped corrugated structures. The analytical
expressions are given at zeroth-order and at first-order
approximations. The zeroth-order formulas are obtained
through the conformal mapping method [22,23]. Com-
bining the zeroth-order results with the first-order approxi-
mate formulas of a single-plate structure, we obtain more
accurate “first-order” analytical approximations for the
wake functions of the L-shaped structure. In order to
confirm the accuracy of the analytical model, we have
developed a numerical method based on integral equations
in the frequency domain for arbitrarily shaped waveguides
with surface impedance boundary conditions. We assume
that the corrugated structure can be described by a surface
impedance as it was done for flat geometry in Ref. [21].
The accuracy of such an approach is proven by comparison
of the results with those obtained by direct solution of
Maxwell’s equations in the time domain for a full model of
corrugations using ECHO2D [19].

It is of special interest to compare the wakefields of the
L-shaped structure to a single-plate one as both operation
modes can be realized with the L-shaped structure. The
numerical codes, however, have restrictions on the simu-
lated geometries. The integral equation method we devel-
oped is capable of calculating steady-state wakefields for
arbitrary longitudinally uniform but transversely closed
geometry. Open structures such as single-plate and L-shape
could be approximated by assuming a rectangle and placing
the electron beam toward one plate (for single-plate case)
or one corner (for L-shape case). The time-domain code
ECHO2D can model only two horizontal corrugated plates
placed between two vertical perfectly conducting walls. In
this regard, we consider in the paper four different flat
geometries shown in Fig. 1. We will show that when the
rectangle geometry is properly chosen and the electron
beam is properly placed, the effect from the far-away plates
can be neglected and it is possible to compare results
between different numerical models.

The four geometries studied here are sketched in Fig. 1,
namely, (a) L-shape, (b) single-plate, (c) parallel-plate, and
(d) rectangular structures. The geometries are shown as
front views and the corrugations are drawn as a yellow layer
therein. The side view of the corrugations and correspond-
ing corrugation parameters are shown in Fig. 1(e). For the
unbounded geometries in Figs. 1(a)-1(c), the plates are
assumed to be wide enough so that they can be treated as
they extend to infinity. The electron beams, located at (¥, y),
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FIG. 1. Sketches of four types of corrugated structure geom-
etries. Front views: (a) L-shape, (b) single-plate, (c) parallel-plate,
and (d) rectangular structures. The corrugations are drawn as a
yellow layer in the front views and shown with corrugation
parameters in the side view (e). The electron beams, located at
(x,y), are represented with a green dot in the front view and a
green ellipse in the side view. In the side view (e), only the

corrugations for the lower plate and its distance to beam d are
shown for simplicity.

are represented with a green dot in the front view and a green
ellipse in the side view. It should be noted that in this paper,
the electron beam is not fixed at the shown location but can
move freely toward or away from any corrugated plate.

The rest of this paper is organized as follows: We first
give zeroth-order analytical formulas for the wakefields of
the studied geometries in Sec. Il A. Then, in Sec. Il B, we
summarize the existing first-order analytical approximation
for single-plate and parallel-plate structures and propose
first-order analytical expressions for the L-shaped structure.
Numerical methods are introduced in Sec. III. In Sec. IV,
we first show that with a proper choice of the rectangle
geometry, the single-plate and the L-shape structures can
be simulated. Then, we give examples of a single-plate
structure and an L-shaped structure to show the validity of
the analytical formulas and numerical methods. The fea-
tures of the L-shaped corrugated structure are discussed.
Finally, we give concluding remarks in Sec. V.

II. ANALYTICAL METHODS

In the following, we will work in a Cartesian coordi-
nate system, where x is the horizontal coordinate and
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y is the vertical one. The longitudinal wake function
w| (%, ¥, X, Yo, §) describes the energy loss of the witness
particle with transverse coordinates (x,y) caused by the
source particle with transverse coordinates (x, o), which
moves ahead of the witness particle by a longitudinal
distance s. The transverse wake function can be found
through the Panofsky-Wenzel theorem:

0

—w, ==V, w. 1

S5 = —Vum (1)
For geometries considered in this paper, the com-

ponents of the transverse wake function near a reference

trajectory with coordinates (X, ¥) can be presented through

expansion:

Wx<x7y’x0vy0’ )wam<)_c 5} S)+Wd()_c .)_] 5)(x0—x)
wy(X.y

y.s)(x — %), (2)
Wy(xvy’xOv Yo, S) ~ Wym()_cv)_]’ S) + Wd()_cv}_}’ S)(yo - )_7)
T wy(X.5.5)(y = ¥). (3)

The coefficients of the expansion w,,,, w,,, are the monop-
ole transverse wake functions in x and y directions.
The other coefficients w,, w, are dipole and quadrupole
transverse wake functions, respectively. We note that in
Refs. [12,13], the “dipole” component was what is referred
to as the monopole component here. Other linear terms
in the expansion are neglected. In the following, we
are looking for the analytical approximation of these
coefficients.

A. Zeroth-order approximation

It has been shown [22-24] that exact calculations of the
upper limits of the longitudinal electric field and of the
transverse component of the Lorentz force can be obtained
by the conformal mapping technique. This method applies
to longitudinally homogeneous waveguides with arbitrary
retarding layers (which in our case are the corrugations).
In this analysis, the cross section of the waveguide is
represented in a complex plane z = x + iy and conformally
mapped onto a disk with radius « in another complex plane
. The location of the source particle z, is mapped to the
center of the disk @y, = 0. Knowing the conformal mapping
as w = f(z,7g), the upper limits of the longitudinal electric
field and of the transverse component of the Lorentz force
can be obtained through its derivatives with respect to z
by [24]

Zyc Q

E|(2.20.0%) = [f'(z.20)"f"(20. 20)]. (4)

0

s

Z;;c QQf”(z 20)*f'(z0.20),  (5)

where R denotes the real part, Z, = 377 Q is the vacuum
impedance, c is the speed of light in vacuum, s is the
longitudinal distance behind the source particle, Q is the
charge of the source particle, ¢ is the charge of the witness
particle, and the asterisks denote the complex conjugation.
Here F'| is a complex function defined as | = F, + iF
with F, and F being the x and y components of the force.

For simplicity, we define the longitudinal and transverse
form factors as

Fy(z,20) = RIf' (2, 20)" (20 20)]s (6)

Fi(z.20) = f"(z.20)* f (205 20)- (7)

The longitudinal and transverse wakes can be then approxi-
mated via

(o8 m =2 gt B gots), (9
01 (2070.5) %25 2 L (270,000
= 2CF (2 )60, o

where 0(s) is the Heaviside step function. Similarly, the
transverse wake w, is expressed as a complex function
with w = w, + iw,.

1. Single-plate structure

For the single-plate case, the corrugated plate is put at
y =0 and faces the upper half plane. The conformal
mapping from the upper half plane in the z plane to a
disk with a radius of a is given by [25]

u/(z):aili. (10)

Assuming the source particle is located at z in the upper
half plane, the corresponding location in y plane can be
found with y = y/(z,). The disk can be further mapped to
another disk in @ plane with the same radius a and
mapped to the center of the disk using

2 l// Yo (11)
a> =y’

w(y) =

where y; is the complex conjugate of ;. Combine the
above mapping, it is then found that the conformal mapping
from the upper half plane to a disk with source particle at z,
mapped to the center of the disk can be expressed as

25— 12— 20
a——- "
2o+ 1iz—2,

fz.29) = = (12)
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With Eq. (12), we obtain the form factors for the single-
plate structure as

Fy(z.29) = —a*R [;} , (13)

(z0 = Z*)z
20 — R(zo)

Fi(z,20) = 2ia? ——— 27
1(z%) (z0 = 2)°S(20)

(14)

where § denotes the imaginary part. Taking z = x + iy and
Z9 = Xo + iyy, we obtain the longitudinal and transverse
wakes as a function of the transverse position of the source
and witness particles:

Zyc 1
wH(x,y,Xo,YOJ) e (xo —x+i(yg+y))? o)
(15)
27Zyc S
: __%%o 0
WJ_(X,)”xO,)’O?s) T (XO—X+i(y0+y))3 (S)’
(16)

here S stands for single-plate structure.
The longitudinal wake is usually taken when x = xo = X

and y = yo = J, giving

_Z()Cl

wi(.s) = AJOGs).  AJ) = 7 (17

We note that in the above expressions, the distance from the
beam reference position to the plate is y. This result is the
same as obtained in Ref. [13].

For the transverse wake, we first obtain w, and w, as

WS — 2Zyc (x = x0)[(x — x0)* = 3(y + o))

T [(x = x0)* + (v + y0)?)? 0019
WS = _ 2Z%oc (v + ¥0) [=3(x = x0)* + (v + ¥o)’] s6(s)
y T [(x = x0)*> + (v + y0)?)? '
(19)

Following Egs. (2) and (3), we obtain the transverse
monopole, dipole, and quadrupole components for the
single-plate structures as

W (3.5) =0 (20)
Wa.5) = ALEIO). AL = - (@D
W55) = A A = @)
w(5.) = (5. 9) 23)

The results we obtained here are in agreement with the
results from Ref. [13].

2. Parallel-plate structure

The parallel-plate geometry is modeled as parallel strips
with plates located at y = +a. The conformal mapping
from the parallel strips to a disk with the source location z
mapped to the center of the disk is found to be [24]

_ iaftanh(%3) — tanh(72)]

f(z.20) = ‘ : (24)

1 — tanh(§%) tanh(’;—?)

Inserting the mapping into Eqgs. (6) and (7), we obtain the
form factors for parallel-plate geometry as

Fi(z.20) = %%{sechz {%} } (25)

Fi(z.20) = ”—3sech2 [M] tanh [W} . (26)

32a da

Substituting with z=x+1y and zy=xy+iyy, we
obtain the longitudinal and transverse wakes as a function
of the transverse position of the source and witness
particles:

W (5. Y. 301 0. )

_ 7Zo¢ 2|7l = %0 = i(y + yo)]
= lod ER{sech [ » 0(s). (27)
2 .
r R Zyes o[l =X+ i(y -+ )
= h
wh (X, ¥y, Xg, Yo, ) g S { ”
« tanh {n’[ﬁm - X —Z i(y + yo)]] 0(s),
a

(28)

where P stands for parallel plates.
By taking x = xy =X and y =y, =y, we obtain the
longitudinal wake for parallel-plate structure as

Wf(5.5) = AT, 475 =T (2). (9

Note that here the distance from the beam reference
position to the upper plate is a — y.

For the transverse wake, we again use w; = w, + iw, to
obtain w, and w,, then expand in Taylor series near the
reference trajectory X and y to get monopole, dipole, and
quadrupole transverse wake functions. The coefficients of
the expansion are as follows:

Wion (3.5) = 0, (30)
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Win(3.5) = Ap(5)s6(s),
AP (3) = i—(;:gﬂ—;secz <§—Z> tan (g) . (31)
wa (V. 5) = Ag (3)s6(s).
AL () = ?}:3;‘;4 [2 — cos <ﬂay>] sec <72rz> (32)

wy (3, 5) = wh(3,s). (33)

The results we obtained here are in agreement with the
results from Ref. [12].

3. L-shaped structure

The L-shaped geometry is modeled as the first quadrant
of a Cartesian coordinate system, with the two plates
located at y = 0 and x = 0, respectively. The corrugations
of the two plates face toward the first quadrant. The
conformal mapping from the first quadrant in the z plane
to a disk in w plane with the source location z, mapped to
the center of the disk is found to be [25]

P —i P -2
i -z

f(z,20) = —a (34)

The form factors for the L-shaped structure then follow as

[F|(z,z0):—4a291{ 202 ] (35)

(z5—2%)?

_4a’z(z5 +327)

@-<7 o

Fi(z,20) =

Substituting with z =x+ iy and zy = xo + iyy, we
obtain the longitudinal and transverse wakes as a function
of the transverse position of the source and witness
particles:

4Zqc
Wﬁ(x7y7x07y0’s):_ ﬂ_o m{[(

(x — iy) (xo + iyo) }
X — iy)2 _ (XO 4 l'yo)z}z
:wﬁ(x,y,X(),)’o,S) —l—wﬁ(y,x,yo,xo,s),

(37)

wh (x. Y. X0. Y0, 5) = wi (x. 7. X0. Y. 5)

+iWi(y,X,y0,x0, S)*5 (38)

where L stands for L-shaped structure. Eqs. (37) and (38)
mean that in zeroth-order approximation, the wake func-
tions of the L-shaped structure can be obtained as a direct
sum of the wake functions of the single plates.

Taking the longitudinal wake at the reference trajectory
X =Xx9=2X,y=yy=1y, we have

Y

=t

(£.5.5) = (AS(H) + ASG)0(s).  (39)

Comparing the result with Eq. (17), we see that at zeroth
order, when the beam has an equal distance toward the two
plates, y = X, the L-shaped corrugated structure generates
twice the longitudinal wake as the single-plate structure.

Similarly, for the transverse wake, we again use w, =
wy + iw, to obtain w, and w,, then expand in the Taylor
series to get monopole, dipole, and quadrupole wakes for x
and y, respectively. We have

win(X.5.5) = Ay, (%)50(s). (40)
wyn(X.5.5) = A3 ()50(s). (41)
wg(%.3.5) = [A3(X) + A3(9)]s0(s), (42)
wg (%.3.5) = [A3(5) — AZ(X)]s6(s). (43)

Compared to the single-plate structure, when y = X, the
total monopole kick strength is increased by a factor of v/2
and rotated by /4. The dipole wake is twice as large. The
quadrupole wake is canceled. Taking ¥ — oo, the results of
the single plate are recovered. The results at zeroth order
already indicate a few unique features of the L-shaped
corrugated structure. First, it is possible to operate the
structure in either L-shape mode or single-plate mode by
properly adjusting the distance between the electron beam
and the plates. Second, in the L-shape operation mode, the
overall streaking is enhanced compared with a single plate,
and it is possible to realize “quadruple-free” streaking.

4. Rectangular structure

The conformal mapping from a rectangle with half-width
b and half-height a in z plane to a disk with radius a in y
plane takes the form [26]

1+ iyksn(“4= K, k?)
i

w(z)=a i+ Ksn(SEK 7)) (“44)

Here sn is the Jacobi elliptic sine function with

92(0,}7’[) 2 T
_ K:_GZ 0, , — —Zna/b, 45
o= (o) k=e0m). m=c (45)

where 6, and 65 are the Jacobi theta functions. Here,
the source location z is mapped to w, = y(zy). Using
Eq. (11), we further center the source location and obtain

[1 +ivksn(&)*][sn(&) —sn(&p)]
[Vrsn(&o) + i][sn(&o)* —sn(§)]

f(z.20) = a (46)
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Here we have used & = 42K &) = M%K , and omitted x? in the second argument of the sn function for simplicity.

b

Using the mapping in Eq. (46), we obtain the expressions of longitudinal and transverse wakes for a rectangular structure
as functions of the positions of the source and witness particles

R _ ZycK? cn(fo)dn(fo)cn(é)*dn(f)*}
Mo s) == m{ @ @R O 7
__ZyeK sen(8o)dn(go) {dn* (§)[sn(&)* —sn(&)]sn(£) — en®(&)[—sn(&)*sn(£)x +dn(8) + 1]}
T (@)’ (o) o
[
Here, cn, dn, and sn are Jacobi elliptic functions. ZocK? |en(iKa/b)|*|dn(iKa/b)|?
For the longitudinal wake, at the source particle location, W\I\e<0’ s) = 407[1)2 S[sn(iKa/b)]? 0(s).  (50)

7=290=2Z2=X+1iy, we have

_ ZyeK? fen(B)Pldn ()
4zb*  S[sn(&))?

where & = K and |cn| means to take the modulus. For

the case that the source particle is located at the center of
the rectangle, 7 = 0, we have

W"f(z,s)

0(s), (49)

_ ZocK?s en(§)dn(§){dn*()[lsn (&)

—sn(

Further assuming a/b — 0, we recover the results for
parallel-plate geometry: W|T 0,s) = wﬁ) (0, ).

For the transverse wake, here we only give the
monopole wake for a rectangular structure by taking
7=129p=2 as

)] = en(§)[=[sn(§)Px* + dn?(8) + 1]}

R(z o) —
wi(Z,8) = 3

B. First-order approximation

The above analysis by means of conformal mapping
gives a zeroth-order approximation of the wake functions,
where the longitudinal wake is a constant and the transverse
wakes have constant slopes. The zeroth-order approxima-
tion gives the upper limits of the wake functions and is valid
for extremely short bunches. For longer bunches, the
deviation from the zeroth-order approximation can be
large. Therefore, it is necessary to develop a higher-order
approximation of the wake functions. For the corrugated
structures, such an approximation has been developed
using a surface impedance approach.

The use of the surface impedance concept for calculating
the beam impedance in accelerators was first introduced to
study the impedance of surface roughness [27]. It is defined
as the ratio of the longitudinal electric field and the
azimuthal magnetic field on the surface. Several surface
impedance models have been developed for roughness
[27,28] and small, periodic corrugations [29-31].

It was shown in Ref. [12] that the interaction of the
charged beam with the perfectly conducting flat corrugated
structure can be described by the same surface impedance
as for an infinite chain of pillboxes [32]:

Zo(k) = Zot o= lalt/p)p)

(52)

with a(x) = 1-0.465,/x —0.070x, and 7, p being the
corrugation parameters. Using this surface impedance,

5
[sn(&)* — sn(&)]? 0(s). (51)

|
Bane and Stupakov derived the generalized longitudinal
and transverse impedance for calculating wakefields in
parallel-plate geometry with boundaries at y = +a in
Ref. [21]. First-order approximation has then been derived
for parallel-plate structure [12] and single-plate structure
[13], respectively. In the following, we first give an overview
of the obtained wakes for parallel-plate and single-plate
structures, then we combine the formal expression with the
zeroth-order approximation obtained in the previous section
to give a first-order approximation for the L-shaped structure.

1. Parallel-plate structure

The longitudinal wake function for the source and
witness charges at position y can be approximated by an
exponential function

S

Wi (5.5) = Af()e VI76(s),

where P1 stands for first-order approximation of parallel-
plate structure, Aﬁ) (9) is given in Eq. (29) and

(53)

s(3) = 4s,<1 +%cosz/} + f tan ﬁ) _2,
_"
ﬁ - 2(1’ (54)

The transverse monopole wake function can be approxi-
mated as

064402-6



SHORT-RANGE WAKEFIELDS IN AN L-SHAPED ...

PHYS. REV. ACCEL. BEAMS 26, 064402 (2023)

whl(3.5) = 2A5(5)5,.(5)

- {1 } (1 Vad

where A () is given in Eq. (31) and the characteristic
distance reads

)e_ T] o(s), (55

Su(¥) = 4s, (g —f cot 2+ 2f csc 2,8) _2. (56)

The same form of the expression Eq. (55) can be used
to approximate the dipole and quadrupole wake func-
tions. The coefficient AZ(¥) is given in Eq. (32) and the
quadrupole coefficient coincides with the dipole one:
Af(y) = AL(9). From Ref. [12], the characteristic distance
for the quadrupole wake is

(5) = 4 56 —cos2f 0.3+ fsin2p
S =45
eV "\ 30 2 _cos2p

-2
+ 2f tan ﬁ) .
(57)

Following the same procedure, we can derive the dipole
coefficient not considered earlier in Ref. [12]

64 +cos2p 0.3 —psin2p
30 2 —cos2p

5q4(9) = 4Sr< + Zﬂtanﬂ) _2.

(58)

2. Single-plate structure
For the single-plate structure, the first-order wake
functions are approximated by the same formal expressions
as in the previous section. The coefficients A} (7). A,(5),
A(y) are obtained above in Egs. (17), (21), (22), and
AS(y) = A5(9). If we define y as the distance to the plate,

then in the limit a — oo, Egs. (54) and (56)—(58) reduce to
the expressions

o 2y?
sH(y) = P (59)

8y°
y) = , 60
nl3) =50 (60)

3?2
V) = y) = —, 61
54(3) = 54(5) 2. (61)
and the wake functions can be written as

Wil (3.5) = AS(3)e V(). (62)
wim(¥,5) =0, (63)

Wih(3.5) = 245,(7)5, ()

x{l—(l—f— ﬁ(y))e—\/ﬁ]ﬁ(s), (64)

)e_ W} 0(s).

(65)

WS (7.5) = 245(5)s4(7) [1 - (1 .
wy! (3,5) = wi (3, 9). (66)

Let us note that we corrected the expression for s
published earlier in Ref. [13].

q

3. L-shaped structure

We assume that Eqs. (37) and (38) hold for the first-order
approximation as well and the wake functions of the
L-shaped structure can be obtained as a direct sum of
the wake functions of the single plates.

If we define X,y as the distance to the plates, then we
obtain

wil(.3,5) = wil (%, 5) + wi' (5. 5), (67)

where wﬁl is given by Eq. (62). The transverse wake
functions are

Win (%, 3, 5) = wyp (%, 5), (68)
wyn(X.3.5) = wyn(3.5), (69)
wi' (2.3,8) = wy! (3. 5) + wy! (. 5), (70)
wg' (2,3, 8) = wg' (3, 5) —wg! (% 9), (71)

where wy,, w3 are given by Egs. (64) and (65). When
X — oo, the equations agree with those of a single-plate.

III. NUMERICAL METHODS

A. Integral equation method in frequency domain

In the following, we present a numerical scheme to
calculate the high-frequency impedance of relativistic point
charge. It is based on the boundary element method. This
numerical technique allows us to calculate the steady-state
wake function for an arbitrary cross section of the pipe. Our
equations and the approach are similar to those presented in
Ref. [26] for resistive wall conductivity. However, we use
different integral equations and different numerical meth-
ods. Let us describe shortly our numerical method and the
obtained results.

The charge of a relativistic bunch in the frequency
domain reads p(x, y)ei(””‘kz), o = kc, where z is the
longitudinal coordinate, k is the wave number. Due to
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the linearity of the Maxwell equations, all other quantities
of interest will have the same form. Hence the Maxwell
equations in the frequency domain can be reduced to the
second-order differential equations for the transverse com-

ponents of the electromagnetic field, E, = (E.. E))T,
H, = (H,,H,)", in the pipe cross section S:

- — > -
AJ_EJ_:€EIVLP, AJ_HJ_ZO, (72)
where €, is the permittivity of the vacuum and the trans-
verse operators are defined by expressions A| = 02 + 05,

v L = (0,.9,)". Here symbols d,, d, mean the partial
derivatives in the transverse directions.

The longitudinal components of the electromagnetic
field can be found through the transverse ones

1

- 1 -
EZ:%<VJ_EL_€£O)’ HZ:EVJ-HJ-' (73)

It is shown in Appendix A that the surface impedance
boundary condition in the high-frequency approximation,
k> 1, can be written as

iy

E, 2

E, =0. (74)

Let us present the full electric field E | at the position
7= (x,y)T of the point charge e at the position 7, =
(x0,¥o)T as the sum

E =E +E, (75)

where E = e(F — ) (2meqc|F — 7|?) ™! is the field of the
point charge in the free space and Ei is the field scattered
from the surface of the pipe. The components of the
scattered field fulfill the boundary value problem for the
Laplace equation

AE, =0, TFes, (76)
with the boundary conditions
1 > Z, - Z. >
—V E\ 4+ Z2AE = —Z2GE] 77
i J_J_+Zonj_ Zon ; (77)
7E, = —7E), Feas, (78)

where 7 = (—n,.n,)" is the tangential vector to the
pipe contour dS and we have used the relations Ej =
(ik)"'V  E, E® =0 in the boundary conditions given
by Eq. (74).

Let us introduce an integral operator A of a simple layer

AF](F) = 27 / G-V F(F)ds(F), Fes, (19)

a8
where G(7) = (27)~! log(|F|) is the Green function of the
two-dimensional Laplace operator.

We present the transverse components of the electric
field £} and E} in form of the simple layer, Eq. (79), with
unknown charge densities ¢, and ¢, correspondingly.
Then the boundary conditions, Eqgs. (77) and (78), can
be rewritten as a boundary integral equation with unknown
charge densities g, and g, on the pipe boundary dS

zn,+JdA+anA zn,+0A+an,A q.
-n,A nA qy

= (—a(ang k) ) (80)
nyEg - ang '

where a = ik %, and the integral operator 0, A is defined as

/
x—x =

0.Af](F) = / ik Feas. (81)
as |;.’ _ r/ |2
The integral operator d,A has a similar form. For 7 on the
pipe boundary 0S, the integral has to be calculated as
Cauchy principal value. Here we have used the relation [33]
VLIASI(P) = [VLASI(P) + xif(F). Feds. (82)
The approximation of the singular integrals and the
numerical method of the solution are outlined in
Appendix B.
If the charge densities ¢, and g, are known then the
longitudinal impedance can be found from the longitudinal
electric field

27, 7.0) = 220,
E(F) = (0.A0)5) + DAG)).  FeS
(®3)

The point charge longitudinal wake function can then be
found through an inverse Fourier transform of the
impedance.

B. Finite-difference method in time domain

Another numerical method we use in this paper is the
finite-difference method in time domain. Here we obtain
the wake for a short Gaussian bunch using the time
domain, wakefield solving program for “rectangular”
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geometry ECHO2D [19]. The code can solve the problems
for the parallel-plate geometry shown in Fig. 1(c). It models
accurately the corrugated geometry between two conduc-
tive walls with distance w. The single-plate geometry can
also be approximated if the beam is close to one plate while
far enough away from the other plate. The code is not able
to simulate L-shaped or rectangular geometries with
corrugations on all four walls.

In ECHO2D, the longitudinal wake potential is found
through modal expansion in the form

W) (x,y, X0, Yo, 5)

1 o0
== W, (3,50, 9) sin(ky o) sin(ky %), (84)
w
m=1

where k., = 5-m, and

W (v, ¥0.8) = W5 (s) cosh(k, o) cosh(k, ,,y)
+ Wi (s) sinh(k, ,yo) sinh(k, ,.y).  (85)

The earlier analytical calculations were for flat geometry,
which means for a vertical dechirper parallel plates that
extend to infinity in both horizontal directions, and have
corrugations in y vs z. ECHO2D, however, assumes smooth
side walls and the wakes come as a sum of discrete modes.
If the aspect ratio 2a/w is small enough, and a sufficient
number of modes are summed, then the flat, short-range
wake result and the ECHO2D result should agree. For our
ECHO2D calculations, we take ¢ = 2 mm and w = 12 mm,
and the aspect ratio 2a/w is sufficiently small. The highest
mode number in the calculations is m = 120; such a large
number was needed for good convergence of the off-axis
cases discussed below. For the ECHO2D runs, we simulated a
Gaussian driving bunch with rms length of ¢, = 10 pm
passing through L =1m and L =2 m of structure,
respectively. Then the wakefields were obtained by sub-
tracting the 1-m results from the 2-m results. Since the
catch-up distance a®/(20,) is short compared to the
structure length, this subtraction removes the transient
wake contribution.

IV. EXAMPLES

A. Geometry convergence

The numerical methods used in this paper are not
able to simulate open structures like those shown in
Figs. 1(a)-1(c). The time-domain method can model only
two horizontal corrugated plates [see Fig. 1(c)] placed
between two vertical perfectly conducting walls. The
frequency-domain code described above uses the rectangle
geometry shown in Fig. 1(d). To calculate the wakes for
nonclosed geometries like the single plate, parallel plate,
and L-shape structures, we use a large dimension of the
rectangle and place the charge close to the interested plates

TABLE I. Corrugation parameters used in the calculations.

Parameter Value Units
Period, p 0.5 mm
Longitudinal gap, ¢ 0.25 mm
Depth, h 0.5 mm
Nominal distance to plate, d 0.5 mm

while away from others to represent the nonclosed geom-
etries. Therefore, it is important to show that the choice of
the rectangle dimension is sufficient so that those far-away
plates can be neglected. To show this, we take the
advantage of the zeroth-order analytical results and plot
the longitudinal wake and slope of the transverse monopole
wake as a function of the distance to the plate. In our
calculation, we take a rectangle with half-width b = 6 mm
and half-height @ =2 mm. The corrugation parameters
used in this paper are listed in Table I.

We first offset the beam in the vertical direction from the
rectangle center to the upper plate located at y = 2 mm.
The longitudinal wake and the slope of the vertical
monopole wake as a function of the distance to the plate
are shown in Fig. 2. Comparing the wakes of single plate
(SP, blue circle) with L-shape (yellow line), and the wakes
of parallel plate (PP, red circle) with rectangle (purple line),
it can be seen that the half-width of 6 mm is sufficient and
the side plates can be ignored. The wakes from the lower
plate become small as the beam is far enough from the
lower plate. When the distance of the beam toward the
upper plate is 0.5 mm (offset = 1.5 mm), the wakes of
the rectangle geometry deviate from the single-plate geom-
etry by 5% for the longitudinal wake and 0.2% for the slope
of the vertical monopole wake.

Setting the distance to the upper plate to 0.5 mm, we
further shift the beam in the horizontal direction and
compare the longitudinal wake and the slope of the
horizontal monopole wake from the L-shape and the

10'8 102
o SP o SP
— o PP 107 o PP
g 107 L-shape L-shape
&) —Rectangle| | O 10% ——Rectangle
N ~
9
Z. 1016 Z’ 101
S o »5 @ 8 8g
S uogou & <10t
1019 107
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Distance to plate [mm] Distance to plate [mm)]
FIG. 2. Longitudinal wake (left) and the slope of vertical
monopole wake (right) as a function of beam distance to the
corrugated plate calculated using zeroth-order analytical formulas
for single-plate (SP, blue circle), parallel-plate (PP, red circle),
L-shaped (yellow line), and rectangular (purple line) structures.
In the horizontal direction, the beam is at the center.
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FIG. 3. Longitudinal wake (left) and the slope of transverse
horizontal monopole wake (right) as a function of distance to the
plate in the horizontal direction using zeroth-order analytical
formulas for L-shaped (blue circle) and rectangular (red line)
structures. The distance to the plate in the vertical direction is
fixed at 0.5 mm.

rectangle. The results are shown in Fig. 3. Both the
longitudinal wake (left) and the slope of the horizontal
monopole wake (right) of the rectangular geometry con-
verge to the L-shape geometry as the beam gets close to
the right-side plate. At a distance of 0.5 mm to the plate,
the deviations of wakes are below 0.2% for both the
longitudinal wake and the slope of the horizontal monopole
wake.

B. Single-plate structure

Using the rectangular geometry with half-width
b = 6 mm and half-height a = 2 mm, we have calculated
the bunch wakes of the single-plate corrugated structure for

0 X 10*
' ——0th order, analy.
(a) ——1st order, analy.
| Integral equation
Q ——ECHO02D
2.
~
Z =2
I

a Gaussian electron bunch with rms length ¢, = 10 pm.
The bunch is placed at a distance from the upper plate of
0.5 mm. In Fig. 4, we show the longitudinal wake and
transverse monopole, dipole, and quadrupole wakes
obtained through analytical and numerical methods. For
the analytical models, the bunch wake is obtained by
convolving the charge density A with the wake function
w as

(86)

For the numerical methods, we have used both the integral
equation method and ECHO2D calculations with the same
dimension. We note that for the integral equation method,
all four walls have corrugations, while for the ECHO2D
simulation, the two side walls are assumed smooth. As
shown in the above section, the choice of the rectangle
dimension ensures that the effect from the side walls
is small.

It is clear from Fig. 4 that the zeroth-order analytical
formulas (blue line) overestimate the longitudinal and
transverse wakefields significantly. The deviations arise
from the assumption of a constant longitudinal wake and
constant slopes of the transverse wakes in the zeroth-order
formulas. The first-order approximation (red line) improves
the estimation of wakefields significantly compared with
the zeroth-order approximation. The first-order results
coincide with the integral equation method (yellow line)
for transverse wakes, while it is slightly smaller than the
integral equation method for the longitudinal wake and

_Wym [V/pc}

$ [um]

FIG. 4. Longitudinal (a) and transverse bunch wakes (b), (c), and (d) for a single-plate corrugated structure. The wakes are calculated
for a Gaussian bunch (black dashes) with rms bunch length of 10 pm and the distance from the beam to the corrugated plate is 0.5 mm.
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FIG. 5. Longitudinal loss factor (a) and transverse kick factors

(b), (c), and (d) as a function of beam distance to the plate for a
single-plate corrugated structure. Note the deviations at large
distance values for the longitudinal loss factor are due to the use
of rectangle geometry in numerical methods.

coincides with the ECHO2D result (purple line). This is
because at the distance of 0.5 mm, the longitudinal wake
still has some effect from the lower corrugated plate, as is
discussed in Fig. 2. Using the first-order formula for the
parallel plate (not shown in the plot) instead of the single
plate, the analytical results agree with the integral equation
results for all four wakes. The difference between the
integral equation method and the ECHO2D simulation at the
bunch tail (36, from the beam center) is about 5%.

To show the agreement of the analytical formula with
numerical results at various beam positions, we performed
a scan of the distance between the beam and the plate as in
Fig. 2 and calculated the longitudinal loss factors (a),
transverse monopole (b), dipole (c), and quadrupole (d) kick

x10*

factors, with the results shown in Fig. 5. These factors were
calculated from the wake potential W(s) as follows:

(W(s)) = /_ : W (5)A(s)ds. (87)

In Fig. 5, it can be seen that good agreements between
the first-order analytical formulas for a single plate (blue
line), the integral equation method (red circle), and the
ECHO2D simulations (yellow circle) are reached around the
nominal 0.5 mm distance to the plate. At larger distance
values, the deviations in the longitudinal loss factors are
due to the use of rectangle geometry in numerical calcu-
lations while the analytical formula used is for single-plate
structure. Again, the integral equation method and the
ECHO2D results agreed well, confirming that the effect of
different side walls used in these two codes can be ignored.
It should be noted that when the beam is very close to the
plate, at a distance of 0.1 mm in Fig. 5, the integral equation
method results are about 20% larger than the ECHO2D
results. The deviation could be due to the inaccuracy of the
surface impedance model at a distance much smaller than
the dimension of one corrugation period. The first-order
analytical results agree better with the ECHO2D results at
this close distance. This deviation at a small distance to
the plate was also discussed in Ref. [12]. Nevertheless,
the 0.1-mm distance to the plate is much smaller than the
typically used 0.5 mm at several XFEL facilities where the
disagreement is only on the level of a few percent.

C. L-shaped structure

For the L-shaped structure, the ECHO2D code is no longer
applicable. As shown in the previous section, the agreement
between the integral equation method and ECHO2D is
reasonable, we will use the integral equation method alone
to obtain the wakes for the L-shaped structure. We use the
numerical results to validate the analytical formulas pro-
posed earlier.

In Fig. 6, we show the longitudinal, transverse monop-
ole, and dipole point charge wakes for the L-shaped

x107

8 ——SP, analy. 4000
(a) o SP,IE

——L-shape, analy. ,§3000
6 °°o o L-shape, IE @)
o, (=

g
Q %
2, ON =
§ °Ooooooooooc = 2000
= g
)
- 5 1000
3 QQLOOt)ooooooooooooooooc |

(c) o2
15 o

wya [V/(pC m?)]

2
0 10 20 30 40 50 60 70
s [pm]

0
0 10 20 30 40 50 60 70
s [pm]

0
0 10 20 30 40 50 60 70
s [pm]

FIG. 6. Longitudinal (a) and transverse point charge wakes (b) and (c) for an L-shaped corrugated structure. The distances to both
corrugated plates are 0.5 mm. For comparison, the corresponding wakes for a single-plate structure with the same distance to the plate
are also plotted. Here, SP stands for single-plate and IE stands for integral equation.

064402-11



QIN, DOHLUS, and ZAGORODNOV

PHYS. REV. ACCEL. BEAMS 26, 064402 (2023)

106 10° 10 =
(a) (b) (c)
1st order, analy. || T5" 104 ’E\ 108
(&) o Integral equation & )
= 10° Z. B o7
Z. ~10° <10
P g -,
~ =
E % = 1 6
~ 102 =10
4 L =
10 108 b
10!
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Distance to plate [mm]

FIG. 7.

Distance to plate [mm]

Distance to plate [mm]

Longitudinal loss factor (a) and transverse kick factors (b), and (c) as a function of beam distance to both plates in an L-shaped

corrugated structure. The beam is shifted in both the x and y planes such that the distances from the beam to the two plates are kept equal.

structure with distance to both the horizontal and vertical
plates being 0.5 mm. For each wake, we compare the
results from the proposed analytical formula (red line) for
the L-shaped structure with the integral equation method
(red circle). Furthermore, it is interesting to compare the
wakefields of an L-shaped structure with a single-plate
structure with the same distance to its plate, shown as
blue line and blue circle for the first-order analytical and
integral equation results, respectively. Overall, the analyti-
cal formulas for the L-shaped structure agree well with the
integral equation method. The longitudinal wake for
the L-shaped structure is slightly smaller than twice of
the corresponding single-plate wakes. The transverse
monopole wake is slightly smaller than the monopole
wake of a single-plate structure. Note that for the L-shape,
the monopole wake in x also exists and has the same
amplitude as y when the distances to both plates are equal.
The transverse dipole wake is twice the dipole wake of the
single plate. For the quadrupole wake of the L-shaped
structure, the analytical formula gives exactly canceled
wake, which also holds for the integral equation method.

Similar to the single-plate case, we performed a scan
of the beam position in both x and y for the L-shaped
structure, keeping the distance of the beam to the two plates
equal. The longitudinal loss factors (a), transverse monop-
ole (b), and dipole (c) kick factors are calculated corre-
spondingly and shown in Fig. 7. The agreement between
the analytical formulas and simulations using the integral
equation methods is overall good, where the first-order
analytical formula overestimates the longitudinal loss
factors and transverse monopole kick factors by a few
percent. At 0.1 mm distance to the plate, the deviation
between the integral equation method and the analytical
approximation becomes large. This is similar to what is
observed in the single-plate case.

Furthermore, we also performed a scan of the beam
position only in the x direction, while keeping the distance
to the plate in y a constant at 0.5 mm. The longitudinal
loss factors (a), transverse monopole (b), dipole (c), and
quadrupole (d) kick factors are shown in Fig. 8. It can be
seen that the agreement between the analytical formula and

integral equation method is good except when the beam is
0.1 mm from the plate. It should also be noted that the first-
order analytical formula predicts constant vertical monop-
ole when varying the distance to the horizontal plate, while
the integral equation method shows some deviation from
the constant value.

From Fig. 8(d), the cancelation of the quadrupole
component can be seen when the distances to both plates
are equal. It is important to know how accurate the equal
distance condition should reach. We define the quadrupole
reduction factor as

1 —_ —_
F(A) = max{<W2 %i_A’y’s))} (88)
(Wg'(3.5))
‘ 1st order, analy. o Integral equation‘
108 400
— O (b)
2 § 350
S Sl Partases
—~ £ 300 o
\E/ P = o©O
10* |
250

0 0204 06 08 1
Distance to plate [mm]

0 020406 08 1
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= @17 @
C
8

g 10° 5 10
2 2 ;
=10 =10
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FIG. 8. Longitudinal loss factor (a) and transverse kick factors
(b), (c), and (d) as a function of beam distance to the horizontal
plate in an L-shaped corrugated structure. The beam is shifted in
x direction only while keeping the distance to the vertical plate
fixed at 0.5 mm.
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FIG. 9. Reduction factor as a function of deviation from the
position where the quadrupole component can be exactly
canceled.

where A is a small offset from the quadrupole cancelation
location. Using the first-order approximation for the single-
plate and L-shaped structure, we show the reduction factor
as a function of the offset A from the 0.5-mm position in
Fig. 9. At F = 0.1, the quadrupole component is reduced
by 1 order of magnitude. The corresponding offset A is
found to be 13 um, which is tight but reachable in a high-
energy superconducting accelerator. A slightly relaxed A to
20 pm allows an 85% reduction of the quadrupole
component.

V. CONCLUSION

In this paper, we have performed a systematic study on
the wakefields of an L-shaped corrugated structure using
analytical and numerical methods. We first obtained zeroth-
order analytical formulas for the L-shaped structure, along
with other geometries like single plate, parallel plate,
and rectangle using the conformal mapping method.
Taking advantage of the zeroth-order results and the
existing formulation of first-order approximation for the
parallel-plate and single-plate structures, we adopted sim-
ilar formal expressions and gave empirical first-order
analytical approximation for the L-shaped corrugated
structure. Independently, we developed a numerical integral
equation method for calculating steady-state wakefields in
arbitrary transverse geometry, given that the surface, like
the resistive wall, corrugations, and so on, can be modeled
by a given expression of surface impedance.

The results obtained are demonstrated in two numerical
examples. First, we calculated the wakefields for a single-
plate corrugated structure using the existing analytical
formulation, the numerical method developed here, and
the time-domain simulation code ECHO2D. We have shown
the agreement of our numerical integral equation method
with the analytical approximations and ECHO2D simula-
tions. Then, the wakefields of the L-shaped corrugated
structure were studied using the integral equation method
and they confirmed the validity of the empirical first-
order analytical approximation proposed in this paper.
Although there is some overestimation in the longitudinal

and transverse monopole wake, the first-order model is
rather simple and directly follows the pattern found in the
zeroth order.

Several unique features that are found in the L-shaped
corrugated structure can be summarized as follows: First,
the direction of the passive streaking can be varied by
changing the position of the beam with respect to the
horizontal and vertical corrugated plates. The total streak-
ing strength depends on the beam distance to both plates
and can be modeled by the analytical formula we gave.
Second, when the beam has an equal distance to both plates
compared with the single-plate structure with the same
distance to the plate, the transverse quadrupole wake is
canceled. The longitudinal wake is enhanced but smaller
than twice the longitudinal wake from a single-plate
structure; the transverse dipole wake is doubled.

The unique features of the L-shaped structure as a
passive streaking device highlight a few promising appli-
cations in FELs. First, the variable polarization of the
streaking could facilitate multidimensional beam phase
space reconstruction. Such a streaking device is self-
synchronized with the electron beam and is cost-effective.
Second, the quadrupole-free streaking could ease the
operation of current fresh-slice applications using single-
plate configurations, which suffer from the time-dependent
mismatch caused by the quadrupole wakefield. Since it
removes the beam size variation along the bunch, it can also
improve the resolution of the phase space diagnostic using
passive streaking.
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APPENDIX A: APPROXIMATE BOUNDARY
CONDITIONS

The surface impedance boundary condition between
the tangential components of the electric field E and the
magnetic field H reads

-

AxE=ZjixiixH, (A1)

where 7 is the vector normal to the pipe surface dS. It

reduces to the relations
E.=-7Z.H,,

z E,=ZH, (AZ)
where E, and H, are the components of the electric and
magnetic fields, respectively, tangential to the pipe surface
0S. In order to exclude the magnetic field from the first

equation, let us consider the Maxwell equations in the
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component form for a relativistic bunch with current
density J, = j.e“) @ = ke,
o,E, +ikE, = —ikZyH,,
oH, + ikH, = ikZy'E,,
0.E, +ikE, = ikZyH,,
0.H, +ikH, = —ikZalEy,
o E, — 0,Ex = —ikZyH ,

0,H,—0,H, = —ikZy'E, + j.. (A3)

where Z; is the free-space impedance. The tangential
component of the magnetic field H, can be written as

1
Z

1 1
E, oE
o (ZO tze lkZ >
1

:ZO n—|—

—1E+1
- Zy " ikZ,

H,—nXHy—nny—nx< E—l—k 6E>

(nxé E.+ny,o,E;)

o;E,. (A4)

Hence the impedance boundary condition can be
rewritten as

z
E, = ZO<E+kaE> E =

Z. = -

—V ., H,, (A5
UL (A9)
where we have used Eq. (73). In the high-frequency
approximation, k > 1, these equations can be simplified
to the form

Zy
E

Z—ZOE E, =0.

(A6)

APPENDIX B: APPROXIMATION OF THE
INTEGRAL OPERATORS

In order to find in Eq. (80) the unknown densities ¢,
and g, we approximate contour dS by N linear segments of
length A;, i =1,2,...,N and suggest that the densities
are constant on each such segment. On the boundary 95,
we assign N equally spaced collocation points 7,
i=1,2,..., N, at the centers of the segments. The singular
integrals are approximated as follows:

- N s A,
[Af](7;) = leogIri—r’lf(r’)ds(r/) = (IOgE— 1>A,.
N
+ Z log |7;

j=Lj#i

= 7If(F)A (B1)

ax[Af](?l) = [afo]( l) + ”nx(rl)f(7i) = ”nx(7l)f(?l)
Noox—x
+ Y =l F)A; (B2)
7w T =Tl
o,[Af](7;) = [0,Af](F;) + any(F,) f(F;) = zny(F;) f(F;)
vy e
+ Z 7, — ;12 F(F)A;, (B3)
=TT T

where n,(7;), n,(7;) are components of normal 7 to the
boundary at the point 7;. The obtained matrix equation is
solved by the direct method of LU factorization with partial
pivoting.
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