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1. 3D theory of SC impedance

Fundamental definitions of impedance and wake functions in
Cartesian coordinate system:

* Lorentz force and impulse kick (assume rigid beam):

L o > = T+5 5
F(r,70;t) = @1 [5(7“177"0375)4-?1XB(H,TO;t)] F(771J_,770J_;7'):/ dt vF(r1,70;1)
T
* Wake functions (different from the classical theory):
Wy (1L, To1;7) = ———F (11, 70L;T) Wi (711, 7o1;7) = ——F 1 (T11,70L;T)
doq1 doq1

* Impedance:

0 . — 0 — .
Z) (1L, ToLsw) = / dr Wy (r1L,7oL;7)e™” Z) (P11, ToL;w) = /4,/ dr Wi (Fi1,7oL;7)e™”

— OO — OO

* Relation of impedance and wake functions:

— — 1 > — — —tWT — - 1 - = = —iWT
W (711, To1;7) = %/ dw Z) (711, ToL;w)e Wi (ry,ToL;T) = o dw Z) (T11,ToL;w)e
qo is the source particle at 7y = (xo, Yo, 20 = vt)
. : S i i, :
q1 is the test particle at 1 = (z1,y1,21 = v(t — 7)) K= T is a conventional parameter.

* With the above definitions, the impedance and wakes are functions of the transverse coordinates of

the source and test particles.
* For the case of cylindrically symmetric structure, the impulse kick can be expanded in the radial and
azimuthal directions, giving the classical definitions of impedance and wake functions
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1. 3D theory of SC impedance

Classical theory of space-charge impedance and wake functions [1]:

* Beam radius a in a perfectly conducting beam pipe of b, transverse distribution uniform
* Cylindrically symmetric chamber L: Path length along beam orbit

* Low-frequency approximation ;: -V:,;‘::::::: I:)f vacuum
0-

Z(|)| ; ZO k b Fourier transform Wé ZO C b B: Relative velocity
T = 1 47-‘_52 2 1 —|_ 2 ln a é T p— 4 5 1 —|_ 2 ln - 5/ (Z) y: Lorentz factor
8 Ty a o(z): Dirac delta function

c: Speed of light

Z+ Z 1 1 11,7 Zoc 1 1
mA0 0 B y L m#0 40 o _w
L Z27Tﬁ2fy2m (azm bzm) L 2my2m <a2m b2m> () "= c

* An obvious challenge in the above formulations is that they diverge when b — oo or a — 0

A popular 1D longitudinal space-charge impedance model [2]:

* Exact for transverse uniform distribution in free space
* Approximation for on-axis impedance of transverse bi-Gaussian beam
* Correct scaling law at high frequency

ZLSC(k) ’iZO k’l“b k?“b
— 1 - —K, [ — = 1.747(o 2
T 7T]C’I“g N 1 N b 7 7(0’ —I—O'y)/

r,: radius of beam cross section
Ki: Modified Bessel function of the second kind

ye: Euler constant
ZLSC (]C — 0) ) ZOIC ( k'rb 2’7E . 1) oxvy: Gaussian beam sizes in x/y direction

* Low-frequency approximation:

= — 2In —
L 247'('”72 N 27y i

[1] A. Chao et al., Handbook of Accelerator Physics and Engineering, Second edition, p.253
[2] M. Venturini, Phys. Rev. ST Accel. Beams 11 034401 (2008)
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1. 3D theory of SC impedance

A 3D transverse space-charge model [3]:

* Longitudinal and transverse Gaussian beam distribution
* Low-frequency approximation assumed

Wiz, y,z) —iWy(z,y,2) —iZyc VT , B b
. y = 22 w(z)Q(ag _05) w(a + 1b) — e w(ar—l—’&;)
Complex error function:
2 Y .z
a — b= Oy _ 2 21 ¢? )
r=—  wz)=e* (1+ — e> d
V202 =) V202 — 03) 7 ) ( Viho €
2 2 o, 1 z” Y 1 - =
B=d*(1- (= — 1) = — 202
TR Z A Y= oo

In this talk, | present a 3D theory of space charge impedance and
wake functions

* Use Cartesian coordinate system
* Consider rectangular chamber
* Use rigid-beam and impulse approximations [4]

[3] A. Xiao et al., PAC’07, also FERMILAB-CONF-07-702-AD
[4] K. Y. Ng, Physics of Intensity Dependent Beam Instabilities, World Scientific, 2006
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* Charge and current density expressed by Dirac delta functions:
Q(ﬁ t) — QO5($ — $0)5(y — 90)5(2 — Zo) f(fF, t) = o(7, t)U zo = vt

* Delta functions expressed in forms of Fourier transform and summation of orthonormal
eigenfunctions of rectangular waveguide(full width = a, full height = b):

1 [ _.
o(z —vt) = —/ e~ R=vl) g,

27
5(FJ_ — FOJ_) — 5(37 — xO y yO Z Z ¢mn1/ _) ¢mn1/ ('FOJ_) V=x, Y, O 2
L) = . T = x+a
Prmna (TL) = \/(1 o) abcx( )Sy(y) Cw(x) — C.OS (ka:( + /2))
9 Se(x) = sin (kz(x + a/2))
Sa(2)Cy () C,y(y) = cos (ky(y + b/2))

Pmny (1) = V(L + 3n0) ab

2
¢mnz (TJ_>_\/%S$( )Sy(y)

* When applied to Maxwell’s equations, the expansions are selected according to the boundary

Sy(y) = sin (ky(y + 0/2))
ke =mm/a k, =nm/b

conditions.



1. 3D theory of SC impedance

Mode expansion method
* Inhomogeneous Helmholtz equations for vector and scalar potentials in frequency domain:

V2A 4+ 2 A = —pgJ V20 + 20 = — 2 b = —kv A
€0 1
* Magnetic induction and electric field:
—VxA E = ikcA — V@—zkcA——VV A k=2
1kc c

* Explicit expression of vector potential with boundary conditions satisfied:

fY ? L) — 2 2—.’2 ¢mnz (FJ_)¢mnz (FOJ_) ikz /B
(7“7 ) HoqoB Y71 Z k2+52W2(/€%‘|‘k§) €

m,n>0

* The magnetic induction and electric field can be calculated using the above vector potential. Then
using the previous definitions of impedance, we can obtain an explicit form of impedance:

Z”( ) 4/I’HOI€C Z gbmnz 11 ¢mnz (TOJ->
L k2 _I_BQ <k2 +k2)

m,n>0

Z. (k) B —4 0 Bck Z ko ®rnz (T11) O (ToL) qﬁ/ (x,y) = Sx(af)Cy(y)

L~ ab B2 + B2 (k2 + k2) mny

m,n>0

Zy(k) _ _4:LLOBCK’ Z ky¢;71ny (Fll)qbf/mnz (FOJ—)

L  ab k2 + 5272 (k2 + k2)

m,n>0



1. 3D theory of SC impedance

Mode expansion method
* Point-charge (Green’s function) wake functions:

WH (Z) 2Z0¢ / — / - —vkc|z|
7 — o Sgn(z) m;O ¢mnz (TlJ_) gbmnz (TOJ_) e
Wx(Z) —QZOC ]{x , . , . ks
p— L . B 5 5
L vab mzn;() kC e (TU_) ¢mnz (TOJ_) ¢ kC o \/kgg + ky

Wy(z) _ —2Zyc ky / = / — —vk¢|z]
L T "}/ab min;o kc ¢mny (Tll) gbmnz (TOL) €

* The space-charge impedance and wake functions expressed by summation of trigonometric functions
converge slowly. With powerful parallel computers, this method is still useful in practical simulations of

space charge effects [5].
* In the following | discuss their applications to calculate various forms of space charge impedance and

wakes in free space or with Gaussian beam distribution.
* A useful identity:

1 > -
k2 + B292(k2 + k2) B /0 ‘
* Also the relation between longitudinal and transverse impedances:
_ —ipr 0Z)(k) () = —ifr 0Z) (k)
B k 85131 Y B k 5’y1

k2+ﬁ272(ki+k§)]tdt

Zy (k)

[5]J. Qiang, PRAB 21, 054201 (2018)
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1. 3D theory of SC impedance

Impedance and wake functions in free space
* For free space, take the limit of a — o0 b — 00. The summation over m and n can be replaced by

integration:

— _al; / dk., / dk,
7
0 0

m,n>0
* The integration over kx and ky can be done analytically:

Z k ) o0 xrq1—x 2—|— — 2 . k2t
||( ) _ tugkc / dtle_( 1=20)? + (w1 ~wo) T

L 4m(3242?

Ze(k) _ pock(z1 — o) /OO I CELE L =S
L 2ﬂ672 0 2

Z, (k) _ pock(y1 — yo) /OO dtle_ (wl—mo)z‘l‘(yl—yo)2 6_4[';;1;2
L 27 52 2

* The integration over t can also be done, resulting in forms by Bessel functions of the second kind:

Z||(k) ke - Ko (ﬁ \/(331 —z9)? + (y1 — 90)2)

L 2#52 By
Zy(k) poker(xy — xo) (i — - 2)
L 21823 \/(z1 — 20)2 + (y1 — %0)? Kl By Vi@ =20 + (31 = o)
Zy(k) _ poker(y1 — yo) K (i — — 2)
L 27B293/(w1 — 20)2 + (y1 — ¥0)? "\ By Vi@ =20)® + (= o)

* There is an obvious singularity for x1 — ¢ and y1 — g
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1. 3D theory of SC impedance

Impedance and wake functions in free space
* Point-charge (Green’s function) wake functions in free space:

Wi(2) _ poc*y 2

L AT (21— 20)2 + (y1 — yo)? + 7222]3/2
Wa(z)  poc? Tr1 — T

L 47y [(zq — 20)? + (y1 — yo)2 + 7222
Wy (2) _ proc” Y1 — Yo

L 4TV (w1 — 20)? + (31 — 90)? + 2272

* Apparently they are Green’s functions of a point charge in the lab frame.

* Then we can use the Green-functions of the point charge to calculate the impedance and wakes of
various distributions. For example, the on-axis longitudinal SC impedance of a round beam with uniform
distribution [2] can be easily obtained:

— 1 =0
Zy(k)  ipoke k =N
L  21(3242 Ko (5—7\/(:61 —@0)* + (41 - y0)2) xg =1rcosf, yp=sinb
L gy el i [k ()
7T’I“g o L L Wkrg y y

* This is a validation of the previous formulae for space-charge impedance and wakes in Green-function
forms.



1. 3D theory of SC impedance

Impedance and wake functions in free space
* Bi-Gaussian transverse distribution in free space:

1 _($;:2c)2_(y;:2c)2
p(x7 y) — 2 € ’ Y
TO 30y
. o0 1 —Tc 2 c
Z) (k) _ ipokc / gt 1 6_( t1_|-2<7%) (ytii; o %
L 4wp?y? (t+202)1/2(t + 207)1/2
0O T1—Tc 2 —Yc 2
Zin') _ HOoCK / dt’ L1 — L¢ 6_( t1+2ag) a (ytl—i—Q?;%) 6_452%2
L~ 2189 (t + 202)3/2(t + 202)1/2
00 ] —xe)2 c
Zy(k) _ HoCK / dt Y1 — Ye 6_( t1—+—20'%) (yt1+2l<jyy) e 4522 2
L 27 52 (t +202)/2(t + 202)3/2

* The above equations are not integrable in general, but provide a 3D model of space-charge impedance
useful in practical simulations of SC effects. We can rewrite them as:

Z||(k) i/’LOC o0 1 (z—z¢)? (y—yc)? k202t
— F.(x r k — T 202(t+1) 202 (t+7r2) —2 2.2
L 47 322 =@,y k) Fal@y,r k) k/o dt(t—|—1)1/2(t—i—r2)1/2 e *
Zy (k) pock(r1 — ) o0 (z—ze)? _ _(y—ye)? k2021
— F (x : , T, k F, Y, ,k — / dt T 202(t+1) 202(t+r2) o 25242 "
L A py2o2 w21, ) (5,7, ) 0 (t + )3/2(t+r2)1/26 €
Zy(k) _ pock(yr — ye) _ [T 1 TR e .

r=0y/0y

* We can check how they are related with the existing models in the literature.



1. 3D theory of SC impedance

Impedance and wake functions in free space

* For axis-symmetric beam with Gaussian transverse distribution, we can find the on-axis impedance:

22 k2 2
F.(0,0,1,k) = ke2#22 T ( 2 ) Op =0y, =0

25272
* This is exactly Eq.(15) in [2]:

2 2 2 2 k‘
Z(k‘) — ZO 6065"/2]31 <_%> _ ZO gaegg/ZF (5_0') fo‘ _ _J

myo 4 myo 4 2 Y
* Take the low frequency approximation for the transverse impedance:
( ) o0 d 1 . (a:2—:13c)2 . (y2—yc)22
F T y r k :/ t e 202 (t+1) 20Z2(t+7r<)
B o (E+1)32(t+r2)/2 k < kyp

1 _(@=x0)®  (y—ye)?

— 202 (t+1) 202 (t+1r2)
Fy(z,y,r k) /0 dt(t+1)1/2(t—|—7‘2)3/26

* After change of variables, this gives the 3D transverse space-charge model proposed in [3]:

Wi(z,y,2) —iWy(x,y,2) —iZpc VT , B b
- = 5 ﬂgb(z)Z(ga23 —o2) w(a +ib) — e" Pw(ar + z;)
* The application condition of the above model should be:
V2By

Yo, > 0] o, = Min|o,, 0] ky =

min|o,, o]

* Again we find good consistency with the existing theories.
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1. 3D theory of SC impedance

Impedance and wake functions in free space
* Application of the 3D LSC model to cERL-FEL:

Beam parameters after the RF cavity: 6x=0.45 mm, ¢,=0.68 mm, ¢,=0.6 mm, y=19.6
* The first finding is that the off-axis particles feel weaker wake kicks, compared with the on-axis

particles.
V2By k V20
1/o. "= w0, 1/o- "~ minfo,, 0,
* 40000 * .

30000,

0 50000

100000

k(m™)

150000

Fz uses the formula on page.11
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1. 3D theory of SC impedance

Impedance and wake functions in free space
* Application of the 3D LSC model to cERL-FEL:
Beam parameters after the RF cavity: 6x=0.45 mm, ¢,=0.68 mm, ¢,=0.6 mm, y=19.6

* Compare a few simple 1D LSC models with the exact model (Fz of page.11):
Model-1: Simplified model from page.12:

k:2(0'$—|—0'y)2 kQ(O. _I_ o )2
F,(0,0,7, k) = ke 5552 T v 9y
( r ) € ! ( 852’72

Model-2: Simplified model from page.10 (Implemented in ELEGANT code)

ko
4k 2 _
FZ(k) — f_Q

k2r —
! ~ 1.747(0; + 0y)/2
* Obviously model-1 is better than model-2 (?) "o~ L. T Y

2 2
> — FZ(anarak)%_k (lnk (O-$+O-y> _'—’YE)

1'2 T T T T 7 'l‘ T T T 'I T

| | ]
S Y| J S | I
2 | I jm== Mode-1
e ~ ]
£ I ~| _

S

5 0.8 I N '
x | I S~
Zos | |~ = Mode2
g | | ]
(o}
I €1/o. | V3
© By
£ 0.4 | €=k, = —
5 I min|o,, o,]
C
I 0.2 Low frequency approximation of

model-1 and model-2
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1. 3D theory of SC impedance

Impedance and wake functions in free space
* Application of the 3D TSC model to cERL-FEL:
Beam parameters after the RF cavity: 6x=0.45 mm, ¢,=0.68 mm, ¢,=0.6 mm, y=19.6
* The low frequency approximation give constant TSC impedance. But it is only valid for the case of 1/0;
<< kih. The microbunching in z-direction makes the condition of use more strict.

V2B
kin = V25 l/o e = min|o,, o,
1/02 min[o,, o,] z * 25 Oy
1.0* * . . 1.0————— T S A
! ' . [
ﬁ | Log-Linear plot |
0.8: L I
I = | :
I S | |
.64 o 0.6 | |
L o S L |
| < I I
4l S 0.4} I I
I S | I
| X :
2] 0.2} ]
| |
l
|
0'00I T ’50(')00'I 100000 150000 200000 oob— o ... 1. . ... S IR
-1 500 1000 5000 1 x 104 5 x 104 1 x 105
k(m) k(m_1)

Fx and Fy uses the formula on page.11



2. Theory and calculation of CSR impedance

Theory of CSR impedance

* The 1D steady-state CSR impedance model with parallel-plates shielding [6]:

odd 2
2m°n 2, P ' Q :
Zin(k) = = -2 A B2 (00) 5 (vp) + 1Y (1)) + (f) Tn (V) [In(Vpp) + @Yn(vpp)]]
p>1 p
. — pr _ [n*p? 2 [p2 5 - % Jn, Yn: Bessel functions of the first and second kind
P p Tp = P2 —Qp = — 9 o B h is full height of parallel plates

* Computing of Bessel functions with large order and large argument is difficult. Usually it is
approximated by the expression using Airy functions [7]:

2772; & (3)4/3 A [Az"(X) A7 (X) = B (X)) + (25) A1) [4i() - iBi(X)]]

n K2

p>1

1/3

n\2/3 , (32 ) 23k /

X = <§) x 1 — ﬁ( — ap) K = Ai, Bi: Airy function of the first and second kind
P

* Taking the limit of 0 — OO , we can obtain the 1D LSC impedance with parallel-plates shielding:
. dd
ZCK)  iZok T i

> A,
2tp  Bvyh = \/k2+627204129

* The above equation can be derived from the LSC model on page.7.
* In theory, CSR impedance contains the impedance of synchrotron radiation and space charge. This is a
kind of interference between CSR and SC.

Zpp(k) =

[6] J.B. Murphy et al., PA, 1997, Vol. 57, pp.9-64
[7] T. Agoh, PRST-AB 12, 094402 (2009)



2. Theory and calculation of CSR impedance

Calculation of CSR impedance

* In practical simulations of CSR effects, several issues need to be taken into account:
1) Chamber shielding; 2) s-dependent orbit curvature; 3) s-dependent beam distribution; 4) Resistive

wall; 5) Space charge.
* These issues are properly treated in my CSRZ code [8]: A code of CSR impedance calculation in

frequency domain (based on T. Agoh and K. Yokoya’s method [9])

4 L o ET i 1
Bl=F+E > Y : [v E1+2k2(RC(CS) )(EL+EL)]

0s 2k 22
Orbit curvature Space charge
Examples:
Single dipole Wiggler - “Wiggling pipe”
y o—0o——¥ o ¥ v ¢
o —— y v ¥

v ,
[ - v
. v X v ¢
s\j o >

[8] D. Zhou, et al., Jpn. J. Appl. Phys. 51 (2012) 016401
|7 [9] T. Agoh and K. Yokoya, PRST-AB 7, 054403 (2004)



2. Theory and calculation of CSR impedance

Calculation of CSR impedance

* Application of the 1D steady-state CSR model to cERL-FEL:
Beam parameters in the arc: 6x=0.46 mm, 6y,=0.23 mm, 0,=0.6 mm, y=34.28
Maget: Ldipole=0.85 m, Rdipole=1.08 m, a=70 mm(Full chamber width), b=40 mm(Full Chamber height)

* We compare four type of impedances:
a) CSR with y=co (Blue lines); b) CSR with y=34.28 (Green lines); c) Space charge (Red lines); d) Sum of a)

and c) (Black lines)
* From both impedance and wakes, we can see that there is interference between CSR and SC: Simply

treating CSR and SC separately can be wrong.

eo00 ] 50f
-— - -
-
-
5000} Pt
- - -
£ 4000} - _GSR with y=34.28 0 ~
-C / . - —
g ”~ - _ - 6
K 3000 Pid - o
— /7 o >
g 7 - - \:J
N 2000} S - ___ Space charge S -50|
r ‘T - T T SR with
- - —COSR with v=0
1000} »°_~-_ —~= - Y
/, e e —— ———— ==
O F——/' _ -100}
0 10000 20000 30000 40000 ~0.005 0010
k(m™)
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2. Theory and calculation of CSR impedance

Calculation of CSR impedance

* Application of CSRZ code to cERL-FEL and compare with steady-state models:

Beam parameters in the arc: 6x=0.46 mm, 6y,=0.23 mm, 0,=0.6 mm, y=34.28

Maget: Ldipole=0.85 m, Rdipole=1.08 m, a=70 mm(Full chamber width), b=40 mm(Full Chamber height)

* We compare three type of impedances:

a) CSRZ with y=34.28 (Blue lines); b) Steady-state CSR with y=34.28 (Green lines); c) Steady-state CSR

with y=co (Red lines)

* From both impedance and wakes, numerically calculated CSR impedance with space charge included
can still be quite different from the prediction of analytical theory.
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3. Simulation of SC and CSR effects for cERL-FEL

Setup of tracking simulations using SAD [10]

* Beam parameters:
Einjection=10 Mev, Ebeam=17.5 MEV (VRF=8.31 MV, ¢RF=79°)

* Initial beam distribution: simulated from injector by GPT code
Unnormalized rms emittance: €x=8.5e-8 m, &,=7.9e-8 m, €,=1.9e-6 m

Twiss parameters: Bx/y/.=2.3/5.8/0.2 m, a,y/,=-0.01/1.8/0

il i {} 0 0 {l 0 Hit -
RF
Undulator-1 Undulator-2
f £ { {1 HH] |
Y — —— — /\. : — .\/ —
= a — / />/\/; .’\-. \\/ 1/_\ ‘_)/ \\ / \\// ’/\\\\\(} ,H___ﬁ\ ;.,/ i - - \/By
- . / ~ — — ,/ \ h ><, >4 y
o - ™ .»-'f \'_\ > _/—-/ /” S / ) .
e- 2 %\ 74/ 1 \\\_/: 1 \\_.\/"/_\-\_,—/, 1 \\/ IL/ \ / 1 \_'/.-.., ..f )ix >
o + + + + + + + + + + + + + + + + + + + —
1 || < ‘."__,_ '-.l r.'l/ 1 | ]1 :
P — Y / ) ! -
£ osE % l."; f ; . —
= k\‘. ' / — — My =
= P \/ \,' E
1.5y bt —t— :/\ ' i — ' ::
= ~ re - Ox =
E 61— Py : 7 —
= i /\f\/{ T / \ / \ e - \\\ i i - Oy _:
> 4 T % ~ol ", /\ ~ T N 3
F2f S S A= AN SO S AN
= ~ < —~— 3
= . - - | . . ¥’ . . . 1 . . 1 . . . ./ | g ng? s g
o 10 20 30 40 50 m
| OO Ol .| I
L o e o o i - i
S 2 2 EEEEEEEBBEEEEZ = £ 2 g =& =
L = s~ @ @8 =SS S S Ses=Ss8s8 S S = = = K =
wwwww
20 [10] Collaborate with T. Miyajima, N. Nakamura and M. Shimada



3. Simulation of SC and CSR effects for cERL-FEL

Setup of tracking simulations using SAD

* CSR impedance by CSRZ. CSR wake lumped at the exit of each dipole magnet.
* LSC impedance model [2] using SAD script:

Zisc(k)  iZo |, krp kry _
L 7kr? [1 Y i ( g >] ry = 1.747(04 4 0y) /2

* TSC impedance model [3] using SAD script:

Wi(z,y,2) —iWy(x,y,2) —iZpc VT , B b
- — 272 P(2) 202 —o7) w(a +ib) — e" Pw(ar + z;)
x
a = b — y r — &
V202 = o2) V202 = 02) 0
B =d%(1 2)+62(1 1)_x2+y2 tudinal arbi densi
= a r 5 = 20% 205 Y(z): Longitudinal arbitrary density.

* Directly using the 3D SC model formulated on page.11 is under plan.
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3. Simulation of SC and CSR effects for cERL-FEL

Tracking simulations using SAD

* Initial beam distribution RE

=3
s
ca
ca
ca
ca
C

Undulator-1 Undulator-2
(HHHHF———({{{—— —

%
7
=

ChiScuare = 4414160 Goodness = 49056
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3. Simulation of SC and CSR effects for cERL-FEL

Tracking simulations using SAD
* Beam distribution at the entrance of Undulator-1
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3. Simulation of SC and CSR effects for cERL-FEL

Tracking simulations using SAD

* CSR effects from the arc dipoles are not important in cERL-FEL
* LSC dominates the collective effects; TSC causes vertical beam-size blowup
* There are coupled effects of CSR, TSC and LSC
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3. Simulation of SC and CSR effects for cERL-FEL

Tracking simulations: Compare SAD, ELEGANT, and GPT codes [11]

* Evolutions of beam sizes and energy spread along the beam line

* Fairly good agreements were seen
* The discrepancies can be attributed to differences in models of SC and CSR of the codes
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[11] Collaborate with N. Nakamura(ELEGANT) and M. Shimada(GPT)



4. Summary

* Theories of SC impedance and wake functions

** 3D models of SC impedance and wake functions are formulated
** Consistent with the existing theories/models of SC
** Conditions of use for various simple SC models are understood

* Theories and calculation of CSR impedance

** Interference of CSR and SC is a possible issue in low energy machines
** When chamber shielding is important (depend on beam parameters), numerically calculated
impedance can be an alternative choice of simulating CSR effects [12]

* Simulation of SC and CSR effects for cERL-FEL

** Impedance models are useful in evaluating the SC and CSR effects
** Fairly good agreements are found between SAD, ELEGANT, and GPT codes
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