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Collective Uniform Motion (CUM) Approach

collective motion V,_

individual motion V,,

Poisson solver - E

B= iz v.xE
C
1
Lorentz force F, = q(1+—2vv XV, ijv
C

in particular Vv, |[[V. - strong suppression of transverse force

1

V, =V, - FD :?un

1
F =qE, ~? usually ‘E"‘ <|E,|



Time Dependent Shape + Long Bunch Approximation

collective “frame”

long bunch estimation:

E, 2.4 -, 14 GeV:~ 10 MV / 1000m
Z,l X _ _

E, = 0= about 10GV/m forl =5kA, o, =30 um
2710, O,

r

ol %
F,, = »I E nd
1 = AE, X%, o o strong 2"d order effect
fi. X ~lurad - ~10kV/m

effects of z & x components of same magnitude
z comp.: decreasing with energy, strong correlation in slice — corr. energy spread
x comp.: ~ energy independent, weak correlation in slice — uncorr. energy spread



slice correlated and uncorrelated angle X, =[X;C(Z|,)]+{5<L]

even the correlated part contributes to uncorrelated energy spread!

extreme case: if the bunch is infinitely long there is no slice-to-slice-interaction and
one can calculate slice-self-interaction with better frames that are
adjusted to the correlated angle

only the uncorrelated angel spread
would contribute to the longitudinal field!

qZ,| '
F =
2 ey LD, X,



The Dirty Trick

14
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Lorentz force, Poisson approach  F, = q(1+i2v,, XV, ijv

slice correlated and uncorrelated motion

modified force

F =1 (v ),

v, =vg(z, )+ o,
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First Conclusions

it is an empirical approach

problems with rollover part: hﬁ-—-m very different motion of
P particles in the same slice

perhaps it is better to consider IUM (individual uniform motion, per particle)

needs other numerical method
try to avoid quadratic scaling of effort

but ...

even the IUM approach is empirical/questionable!
full Maxwell-approaches (LW or PDE) could be better

... high effort, ??? gain of accuracy

111 the Poisson approach can do better




Two Approaches for Tracking

EoM with E&B:

Poisson approach:

02 +02 + ;%02 =-p/e
!
v

A=ec'BV
B=0OxA
E=-0OV-0,A=-0V+30,A

EoM with V&A in canonical coordinates:

S, =v(R -A()

d

Zp, =—qojv-vA
<P gV -vA]

02 +02+ ;%02\ =-p/e
1
Vv

A=ec'BV



Simple Example

P, if |u<a
infinite charged plate in uniform motion ,O(X, Y, Z,t)=,0(X—VXt) , P\U)=

0 otherwiese

V

exact solution

V =V(x-vt) vV E,
_op, U if Ju<a X

V(u) =

(v |1— ,8X2|£{a2—2alu\ otherwiese

cA=[Be +BeN(x-vt)
cB =-B.eV'(x-v¢)

E= [[,Bf —1]eX + ,Bxﬂzez}\/’(x—vxt)




Simple Example

infinite charged plate in uniform motion ,O(X, Y, Z,t): ,O(X—th) , PU)=

V

exact solution

V =V(x-vt)

_p, |mU? if Ju<a
V(y)=
() |1— B |£ {az —2alul otherwiese

cA=[Be +BeN(x-vt)
cB =-BeV'(x-v¢)

E= [[,BXZ —1]eX + ,Bxﬂzez}\/’(x—vxt)

P, if |u<a
O otherwiese

Poisson solution, for B, =5, # B

Vi :VP(X_th)
—u? if |u<a
o)=L ’
€ |a’ -2alu| otherwiese
CA, = 5,8V, (X_th)
B, =Bl
E. =-eV,(x-v¢)



Simple Example

tracki ng . (z-ct*beta_z)/m para meters:
0.03 . : e —— .
= a=1lmm
N\ 0O, =1C/m°
0.02 s - 1107 .
\\\‘ y, =10
\ IBX :ﬁosm(o']/yo)
001 7 2107 \ | 182 = 180 COS(O']/VO)
exact solution (both methods)
Poisson approach, method E,B
Poisson approach, method V,A
% 02 04 06 = 02 04 06 |n|t|a| Condition:
ctm ct/m
px/(eV/e) (pz-pz0)/(eV/c) to - O
1x10% : T 5x10% - -
x=0.5a
8x10°F 1 i z=0
6x10°F - - VX = O
4xi05“ - - VZ = ﬁoc
210°F . 4
o - - -
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ct/m ct/m




What is different?
Why is VA-method better?

It is not because coordinates are canonical!
It is because the field approximation is better:

still Poisson, but
Two Approaches for Field Calculation

02 +02 + %02\ =- p/e

!

V

A=ec BV

B=0xA

E=-0V-9,AG-0V +£0,A = “P1 approach"
0,A =-v,0,A assumes A = A(z-V,)

use the same approach as VA-method: = “P2 approach"
E=-0V-9A=-[0+ec?Bo M




Again: Simple Example

t ra C ki n g x,‘"m (Z-ct*beta_z),im p a ra m ete rs :

0.03 T T 0 =
\\\ a=1lmm

;/ \'\\. Po = 1C/m’®

002t // I S ol \ | Vo= 10

// \\ By :ﬁosm(o']/yo)
001t / ¥ - 2407 \"\\f\ 7 ﬁz = ﬂo COS(O']/VO)

exact solution (both methods)"\\

/ EB-method with P2 approach
- VA-method
0 = ol - L ~3x107" L : e ey ..
. " s % : - °4 * initial condition:
ct/m ct/m
px/(eV/c) (pz-pz0)/(eV/c) to - O
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Point Particle

exact (UM) E— g "V
T
B =1ixE

%
P1 approach (0,A = -Vv,0,A ) Pa 7 Po = o

_q 32
1 47 [XZ + y2 + y522]3/2
CBl - IBOeZ X El

P2 approach (0,A )
Ay, T BB+ ¥B, +ved B, - B

ATE [x2 +y*+ 1/522]3/2
cB, = 5,e,xE, =cB,

E, =



Point Particle

normalized Lorentz force

_ A&

fr2

(E+v,*B)

Ve[ = v =|vol

V. =V,

AQ —

Y\

A

~"2 * normalized transverse force

-ﬂl. *

~FAp

normalized longitudinal force




Point Particle

normalized Lorentz force

f = ‘t—ZE(E +v, xB)
Vi = vy =|vol
V., =V,
AQ —
o,
Vt
VO

A

~"2 * normalized transverse force

—05F

Al.x_,ﬁ,P

~ * normalized longitudinal force




Gaussian Bunch
6D phase space distribution f(x,y,zX,y,d)=f (x, X')fy(y, y')f,(z,0)

2 I /
1 exp{x Y, +2xX|a |+ X ,BX}
—-2¢,

with  f,(x,x)=

f(yy)=- f(zd)=--

sl

linearization for p,=py+Ap in denominator

S, L T

r—r p)d

6D integration E— g J’

) B A R e

1 B,
for 64y,

>> &

analytic integration of momenta coordinates — 3D integral

2z o) -
[ B [ :

Ex— 1 Vo &fr(r—rq)dv

AT

2 X,n p eee



Q=1le-9;

% LONG TUDI NAL
pz=2. 4e9;

Si gz=24E- 6;

em t z=0;

% HORI ZONTAL
em t x=1e- 6/ gam
al phax= 0. 2;
betax = 1.0;
% VERTI CAL

em ty=emtx;

al phay= 1.0;
betay = 0.322;

gaussian bunch, E-field in y=0 plane

3D integration
E

. x10°
2 - (N

3d int, x component 3d int, z component

z

-5 -1

x/m 5 Zim x/m

point to point

p2p, x component

x10° Ez

x/m 5 2Im x/m



Q=1le-9;

% LONG TUDI NAL
pz=2. 4e9;

Si gz=24E- 6;
emnitz=0;

% HORI ZONTAL
eni t x=1e- 6/ gam
al phax= 0. 2;
betax = 1.0;
% VERTI CAL
emty=emtx;

al phay= 1.0;
betay = 0.322;

‘ax

gaussian bunch

P1 method

P1 method, x component P1 method, z component

E

X ' z

x/m 5 A Zim x/m S z/m

P2 method

P2 method, x component

% 10° Ez

x/m 5 z/m x/m 5 z/m



gaussian bunches with different a/f3

Q=le-9; p2p (tw4), x component pOint to pOint p2p (tw4), z component

% LONG TUDI NAL
pz=2. 4e9;

Si gz=24E- 6;
emnitz=0;

% HORI ZONTAL
em t x=1e- 6/ gam
al phax= 0. 2;
betax = 1.0;

% VERTI CAL
emty=emtx;

al phay= 1.0;
betay = 0.322;

Q=le-9; p2p (tw5), x component pOInt to pOInt p2p (tw5), z component
% LONG TUDI NAL
pz=2. 4e9;

si gz=24E- 6;

emt z=0;

% HORI ZONTAL
em t x=1e- 6/ gam

al phax= 0. 058; 5
betax = 1.75; S
% VERTI CAL

em ty=enitx;

al phay=-1. 0;

betay = 0. 194,

BJ’ x/m ) -1 z/im x/m ) -1 z/m




Kicked Point Particle

outside field
t

radiation front

inside field “kicked” trajectory

old direction

outside field and inside fields are as from charge in uniform motion
only the r and v are different




Self-Field due to a Discrete Quadrupole
without radiation part

kick ~ offset

point to point as for individual uniform motion

E= q 7 Al’qu 7
4re | +or, , LF[°

but: r,, p, are either the actual properties (after the quadrupole kick) or the properties
without quadrupole; one has to distinguish if the retarded source is observed before or
after the quadrupole; this depends on the location of the observer!



distribution 4
% HORI ZONTAL
al phax= 0. 2;
betax = 1.0;

% VERTI CAL

al phay= 1.0;
betay = 0.322;

Xy
—=+3.1
By

same (new) distribution, but different history  --- IIIII:::_j':?:‘:‘:::;;;;,--.fég

(distribution 3) drift --> discrete quad --> drift (disribution 4)
p2p with quad (tw3 --> tw4), x component p2p with quad (tw3 --> tw4), z component
E E
10
0 X %10
1 4

z

--> drift (distribution 4
p2p (xxx --> tw4), x component ( ) p2p (xxx --> tw4), z component

x10° Ez




distrib
% HORI Z
al phax=
betax =
% VERTI
al phay=

ution
ONTAL
0. 2;
1.0;
CAL
1.0;

4

betay = 0.322;

distribution 5

% HORI ZONTAL
al phax= 0. 058;
betax = 1.75;

% VERTI

CAL

al phay=-1. 0;
betay = 0. 194,

different bunches, but same history (before q.) --- _3_3_3_355551}5555555555555553

__________________________

(distribution 3) drift --> discrete quad --> drift (distribution 4)
p2p with quad (tw3 --> tw4), x component

p2p with quad (tw3 --> tw4), z component

[V/m]

(distribution 3) --> drift (distribution 5)
p2p (tw3 --> twb), x component p2p (tw3 -->tw5h), z component

[V/m]




Some Conclusions 2

Xtrack uses P1 approach
results (uncorrelated longitudinal energy spread) are not satisfying
P1 approach does not consider transient shape variations

there are better methods f.i.
P2 approach
IUM (individual uniform motion)
Taylor expansion around p,
are not perfect (f.i. long bunch in undulator, nun-lUM shape variations)

P2 is for free with r P-state-variables, needs dV/0t with r p-state-variables

examples of IUM-type: infinite plate with transverse motion
point particle
6D gaussian bunch

--> P2 significantly better than P1, close to IUM
P2 slightly better than P1







