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there is nothing new:

it is just the conventional tracking with Poisson “space charge” fields;

it is implemented in 3D while Astra is “rz” at cathode;

problems with the ode-solver: time dependent mesh and birth/death of particles
my dirty solutions for that

Poisson solver for free space (fields without “history”)
tracking of particles without birth and death

EM fields and Lorentz force with mirror charges
mirror charges in rest frame

birth: my simple injection model

tracking with birth

example



Poisson solver for free space
(fields without “history”)

Lorentz transformation
particle mesh method:
particles {qv,rv} are|lbinned|to cells of an equidistant mesh

— ¢4, =chargein celli,j,k

G(r) = potential of a mesh cell with charge =1C

(analytic formula)

ik = G(I’,.jk) discrete Green’s function

Vi =4 ® g, potential at cell centers

(fast|convolution|)

—> E E-field on staggered grid

xyz,ijk

inverse Lorentz transformation
interpolationjto particle positions E(rv)

numerical effort



tracking of particles without birth and death

this is Runge-Kutta, 4" order,
/’3 it needs 4 evaluations per step
h

or Dormand-Prince of 5t order needs 6 evaluations

or other methods ...

a single evaluation: %{rv,pv}: f(.{r,,p,}) equation of motion

={v, (0, ) 4o (E(r,.2)+ Vv, (p,)xB(r, 1))}
EB-= E(external)} B(external) n E(self )’ B(self)

but this is not the only problem!



not the only problem:

the mt™ order accuracy is reached if the right hand side f(t, {}) is sufficiently smooth
this is the case for many external fields (described by analytic functions or field maps)
external fields (magnets, cavities) can be strong and need high accuracy

“beam dynamics” uses hard edged models; they are not smooth
— (i) use soft fields (as in nature) or (ii) special treatment of edges

particle-mesh methods calculate the self field on a mesh
self fields are usually weak or moderate and need less accuracy
not in the gun: self fields may be larger than external fields (f.i. SC limit)

but: particle distribution changes shape even in one track step; therefore the binning
changes and the source term is not necessarily continuous in time; this may spoil the
accuracy of higher order integrators; try everything to avoid this:
— (i) do not change mesh properties in one step; if possible: move mesh with beam;
change mesh between steps to avoid systematic mesh artefacts (— uB effects)
(ii) use better methods to calculate continuous source distributions from discrete
particles



EM fields and Lorentz force with mirror charges

-~
S E(r )= E(r—vi)
field of g, in mirror rest frame E,(r) T C)E(r,t): E(r—v, 1)

field of ¢ in original rest frame E,(r)

fields in Iab-frame]

Lorentz force F to particle at I, with velocity V,

F(r,.1)=go{E(r,.0)+ E(r,.0)+ v, x (B(r,.0)+ B(r, 1))}

()= 0014 Y2 ) g0 10 Y )




mirror charges in rest frame

Fijk M {rijk} location of

S G(F,.jk) potential of source cell at mirror points

Vi = G ® gy POtential of source distribution at mirror points
p = ~qy ®§ij(_k) potential of mirror charges at original points

Vit

— Eo(rv) contribution of mirror charges to field in rest frame



birth: my simple injection model

particle “v” is born (injected) at time ¢, with initial conditions rv(i),p(vi)

a random generator is used to generate these initial conditions {tv,rv("),p(v")} before
the simulation

be careful with Hammersly distributions !!!

in principle it is possible to generate particles “on the fly” with a probability that
depends also depends on the local electric field



tracking with birth

particle “v” is born (injected) at time ¢, with initial conditions rv(i),pff)

(i —1)At iAt (i +1)Az
| | | |
| [ |

4

\%

[ [ t

it is not possible to choose the track steps so that the particles are injected between
steps; there are too many particles to be started!

there are a couple of dirty tricks to start particles inside of an integration step; | used

the following:
= 1oTowing = iAt (i+1)As t
| | |
| I [ [

startatz=1i At I'V(i), p(vi)

for t = iAt—>(i+1) At :
neglect contribution of “v” to space charge field in the injection ste(p

modify equation of motion for this particle for this step: %(rv,pv)= iH—%jf(t,(rv,pv))

for t > (i+1)At : consider “v” and track as usual

use a low order integrator with many short time steps!
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example

case: XFEL from cathode to 2.6 m (after solenoid, before ACC1)

bunch (prototype): 250 pC, S€e http://www.desy.de/xfel-beam/s2e/xfel/Nominal/nom250pC.html
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mesh properties

during injection: Az =1 um — up to about 2000 meshlines
At=T,,,./500
2"d order integrator

after injection: Az=2, .., /100

cCAt=1mm..1lcm
5th order integrator

some longitudinal profiles



at cathode
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at cathode after 2.6 m
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at cathode after 2.6 m

X 10'3 YvsX
1.5 ' . . , . ' '
20% rms, A o5=0.4mm
1r o Bt 1
random, 20% rms, A_,,=0.4mm
0.5¢ 1
eyB/um =1.05,0.98 projected
> 0 -
Buwiss xy/M= 2.15, 2.19 st el
averagea tor (z|<lmm
05} | . =
OE qice/€V = 478.8
At .
_15 1 1 1 1 1 1 1
-1.5 -1 0.5 0 0.5 1 1.5
X x 10°
< 10° normalized slice emittance « 10° random: rms=20% cutoﬁwa\/elength=0.4mm zref=2.6038
15 ‘ ‘ ‘ ‘ ‘ ‘ 6.6
horizontal
1L — \ertical || 6.55 - i
A Mkt AW \.‘
0.5/ 1 6.5r ]
! ! ! ! ! ! ! ! ! 6.451 ! ! ! ! ! ! ! ! ! ]
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
x 10° x 10°
slice energy spread current/A
1000 ‘ ‘ ‘ w
15+ -
10+ -
500 - -
5 L -
0 | | | | | | | | | O | | | | | | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5



projections to
xy-plane (front view)
yz-plane (top view)



at cathode
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at cathode
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r, = I\/I{rl.jk} mirror transformation
Vi = IK(M {rijk }_ r')P(r’)dV’
= % JK(M . |- r’)i'—;” dv’
AI/MVW
=ZqWJK(M{rU.k}—r’_rww)d—V [—u
o AV special case: M{rl.jk}— ro=A j-v
= Z quva(M {rijk }_ ruvw) a—k—-w
1 G(M {rijk } L ) = E(i-u)(jv)(—k-w)
with K(r): — convolution

Argyr



