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Siméon-Denis James Clerk
Poisson Maxwell

VS

Electrostatics Electrodynamics

We will investigate which of the two models suits best our 2D e-cloud simulations.
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PyECLOUD is an Electrostatic Code
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Effect of E-Clou

{w ETHziirich

(xi, )@

ic Field on Protons and Electrons Motion



PyECLOUD is an Electrostatic Code

( Charge Deposition J
! Pjk Pj k41
[ Compute ¢ ]
[ Compute E ]
l (Xf’ ql)
[ Gather E ]
[ Update Particles States ] Pjt1.k Pj+1,k+1
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PyECLOUD is an Electrostatic Code

[ Charge Deposition ]
! Pik | bik Bjk+1 | Pjk+1
( Compute ¢ J
[ Compute E ]
l (Xf’ ql).
[ Gather E ]
[ Update Particles States ] Pi+1.k | @ji1,k i1, k41 | PitLk+1
Vi =p
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PyECLOUD is an Electrostatic Code

[ Charge Deposition ]
L ik @i k+1
[ Compute ¢ ] Ej Ej k11
( Compute E J
L (Xf’ ql).
[ Gather E ]
! Ejt1k Ejt1, k41
[ Update Particles States ] Djt1,k Djr1,k+1
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PyECLOUD is an Electrostatic Code

Charge Deposition

!

Compute ¢ ] Ej Ej k11

[
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Gather E J
1 Ejy1k Ejt1 k41

[ Update Particles States ]

(;\ mzurich Effect of E-Cloud c Field on Protons and Electrons M



PyECLOUD is an Electrostatic Code

Charge Deposition

[

|
[ Compute ¢
[

(Xit1,qi+1)

]
]

|
Compute E ]
)

|

[ Gather E

( Update Particles States J

dx _
F=v
% = g(E 4+ v x BEXT)
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|s Electrostatics Good Enough?

For e-cloud simulations in long structures with a static magnetic field (drifts, dipoles,

quadrupoles...) 2D electrostatic simulations are commonly used.
Are we missing any physical behavior when using electrostatic simulations?

We would like to carry out electromagnetic simulations to compare with our

electrostatic results.
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|s Electrostatics Good Enough?

For e-cloud simulations in long structures with a static magnetic field (drifts, dipoles,

quadrupoles...) 2D electrostatic simulations are commonly used.
Are we missing any physical behavior when using electrostatic simulations?

We would like to carry out electromagnetic simulations to compare with our
electrostatic results.

Useful tool: Electromagnetic Modelling in a Boosted Frame!

x X Main message: a bunch travelling (nearly)
at the speed of light sees p’ and J/ of the
e-cloud as stationary.

o o' s s> Therefore, E’ and B’ are decoupled and can

be found by solving electrostatic and mag-

netostatic problems.

1G. ladarola
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Boosted Electro/Magneto-static

Since the sources are stationary the electric and magnetic field are decoupled and they
are solution of the equations

V' xE =0 V' x B = pod’

V/~E/=’i V' -B'=0

€0




Boosted Electro/Magneto-static

Since the sources are stationary the electric and magnetic field are decoupled and they
are solution of the equations

V' xE =0 V' x B = pod’
V/~E/=’i V' -B'=0

€0

If we express the fields in terms of potentials

E/:_vl¢l B/:V/ ><Al




Boosted Electro/Magneto-static

Since the sources are stationary the electric and magnetic field are decoupled and they
are solution of the equations

V' xE =0 V' x B = pod’
V/~E/:’i V' -B'=0

€0

If we express the fields in terms of potentials
E/:ivlqsl B/:V/ ><Al

we easily find that the potentials solve the differential problems

v/2¢/:_L/ V/QA/:—,UOJ

€0

+ Dirichlet B.C. + Dirichlet B.C.




Boosted Electro/Magneto-static

Since the sources are stationary the electric and magnetic field are decoupled and they
are solution of the equations

V' xE =0 V' x B = pod’
V/~E/:’i V' -B'=0

€0

If we express the fields in terms of potentials
E/:ivlqsl B/:V/ ><Al

we easily find that the potentials solve the differential problems

v/2¢/:_L/ V/QA/:—,UOJ

€0

+ Dirichlet B.C. + Dirichlet B.C.

We already know how to solve these problems (i.e. use PyPIC).
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Boosted Electromagnetic PIC Iteration
[ Charge and Current Deposition ]

|

[ Compute p’ and J/

!

Compute ¢’ and A’

]

[ ]
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o(xi, 1) [ e ]
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Charge Deposition

!

Compute ¢
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[ )
|

[ e 12 ]
[ )

!

Gather E

!

[ Update Particles States } l
Gather E and B

!

[ Update Particles States ]

!

Compute E and B
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Boosted Electromagnetic PIC Iteration

Charge Deposition

!

Compute ¢

[ )
[ )
!

[ Compute E ]
[ )

!

Gather E

!

[ Update Particles States }

(Charge and Current Deposition)

Gather E and B

Pj,k Pjk+1 [ C . ar ]
i i ompute p an
[ Compute qS’ and A’ ]
Xi, qi) [ Compute ¢ and A ]
Pj+1,k Pj+1,k+1 [ Compute E and B ]
Jj+1,k Jj+1,k+1 L

[For a particle current computed as gv ]

!

[ Update Particles States ]
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Boosted Electromagnetic PIC Iteration
[ Charge and Current Deposition J

Charge Deposition ]
[ ge Dep ik | Pk Pisr | Piktt ( . Ty J
ompute p’ an
| i | Ik Y | ke pure s
[ Compute ¢ ]
l [ Compute ¢’ and A’ ]
[ Compute E ] L
l o (xi,q;) [ Compute ¢ and A ]
[ Gather E } l
L Pit1,k | Piik DIt k1 | PitL k41 [ Compute E and B ]
J; ¥ J J;
[ Update Particles States } JHLK Lk N A l
Gather E and B J

p=np JL=~Bcp |
Update Particles Stat ]
JL = Jy Jy=Jy [ pdate Particles States
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Boosted Electromagnetic PIC Iteration
[ Charge and Current Deposition J

Charge Deposition }
[ it Sk | Pk Piasr | ks [ Comon : A J
ompute p’ an
! N [ Vi Ve | Al pute 7
[ Compute ¢ }
l (Compute ¢’ and A’J
[ Compute E ]
l o (xi,q;) [ Compute ¢ and A ]
[ Gather E ]
l Btk | i1k Pt o1 | Piat ks [ Compute E and B ]
A J J A
[ Update Particles States ] JHLk | Ttk JAL kAL | T AL kL l

[ Gather E and B ]

!

[ Update Particles States ]
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Boosted Electromagnetic PIC Iteration

[ Charge and Current Deposition J

Charge Depositi ] |
[ arge Deposition ik | Bk Gjksr | ki [ c : e ]
ompute p’ an
| Al | Ak Ajirr | Al P p
[ Compute ¢ ]
l [ Compute ¢>’ and A’ ]
[ Compute E ] l
l o (xi,q;) ( Compute ¢ and A J
[ Gather E ] l
l Pip1 k| Ptk Pirr k1| P kp1 [ Compute E and B ]
! . .
[ Update Particles States } R l
Gather E and B J
¢/
o= A = Al l
v [ Update Particles States ]
As=0 A=A




Boosted Electromagnetic PIC Iteration
[ Charge and Current Deposition J

[ Charge Deposition } Ejv | bk Gjkst | Ejiin [ z - l - J
| Bk | Ak Ajir1 | Bjkr ompue - an
[ Compute ¢ } l
l [Compute ¢’ and A’ ]
[ Compute E ] l
l o (xi,q;) [ Compute ¢ and A ]
[ Gather E ] l
l Eiv1k|Pit1,6 Pj+1k+1 |Ejr1 kt1 ( Compute E and B J
B; A; A; B
[ Update Particles States ] Lk itk IHLAFL Bt ke i
[ Gather E and B ]
oA
E=-Vé— —
o= |

[ Update Particles States ]




Boosted Electromagnetic PIC Iteration

Charge Deposition

[ )
|

[ CEmie & ]
[ )
[ )

|

Compute E

|

Gather E

l

[ Update Particles States ]

[ Charge and Current Deposition J

E; « Ej ki1 l
’ ? / /
B, . B i1 [ Computelp and J J
[Compute ¢’ and A’/ ]
oixi, ai) [ e p— ]
E,B l
Ejt1,k Eji1,k+1 [ Compute E and B ]
Bji1,k Bji1kt1 l

Gather E and B J

|

[ Update Particles States ]
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Boosted Electromagnetic PIC Iteration
[ Charge and Current Deposition ]

|

[ Compute p’ and J/

Charge Deposition

[

|
[ ey
[
[

Compute ¢>’ and A/

)

1 s [ : )
[ (ST o FIT /2 ]

[ J

)

Compute E

!

Gather E

.(Xl'» ql)
!

S

l Compute E and B
[ Update Particles States J l
Gather E and B
%=V |
dP = q(E + v x (B + BEXT)) ( Update Particles States J
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Completed Boris Tracker

The Boris Tracker is used in PyECLOUD? to update the particle states as follows:

BEXT
Xiy1 — X; gl
i ~ i = Vi BEXT — BfXT
At 0
vipp=vh+ de="
m 2
VISVT 9 gy« BEXT
At 2mc
At
vo =v;+ R ld
m 2

The solver had been implemented enforcing the simplifications given by BSEXT =0.

2@G. ladarola, G. Rumolo

Field on Proto



https://indico.cern.ch/event/310641/contribution/3/attachments/594402/818138/quad_e-cloud_meeting_3.pptx

Completed Boris Tracker

The Boris Tracker is used in PyECLOUD? to update the particle states as follows:

BEXT
Xjit1 — X;
i ~ i = Vi BEXT — B}EXT
At 0
vipr =vh+ de=
m 2
vi —v—
thz—gw(v*—f—v’)x(BEXT—kB) By
B —
_ q At By
et By B

The solver had been implemented enforcing the simplifications given by BSEXT =0.
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Completed Boris Tracker

The Boris Tracker is used in PyECLOUD? to update the particle states as follows:

BXEXT
Xit1 — X;
i ~ i = Vi BEXT — B}EXT
At 0
vipr =vh+ de=
m 2
v —v— q B
thz—mc(ﬁ—i—v ) x (BEXT 4+ B) Bx
B —
_ q At By
et RS B

The solver had been implemented enforcing the simplifications given by BEXT = 0.
The code has now been modified to handle also the longitudinal component of the

magnetic field.
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Boosted Frame Approach in PyECLOUD

The ideas so far discussed have been implemented and tested in PyECLOUD. Electro-
magnetic simulations can be enabled by setting

flag_em_tracking = True

in the simulation_parameters.input file.

Remark: the tracking method must be BorisMultipole!

The implementation does not rely on any specific Poisson solver and can work with any
solver that complies with the PyPIC interface.
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Comparison With the ES Solver

We tested the implementation in the case of an LHC dipole magnet at injection

energy (v = 479) by comparing the results with the standard electrostatic solver.




Comparison With the ES Solver

We tested the implementation in the case of an LHC dipole magnet at injection

energy (v = 479) by comparing the results with the standard electrostatic solver.
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Comparison With the ES Solver

We tested the implementation in the case of an LHC dipole magnet at injection
energy (v = 479) by comparing the results with the standard electrostatic solver.

3.0 1e9 Number of electrons in the chamber

— es_tracking
25| - em_tracking

2.0

1.5

1.0

0.5

0.0
0 1 2 3 4 5 6 7 8 9
Time [s] le-7

The results are extremely similar. It seems reasonable that in a dipole the e-cloud

magnetic field is much less strong than the electric field.

(;\ mzurich Effect of E-Cloud ynetic Field on Protons and Electrons Motion 8/15



Fe VS Fb

How relevant is the magnetic interaction?

14.0
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Fe VS Fb

We can verify that in a dipole magnet the electrostatic solver does a good enough job
because the electric interaction is much stronger than the magnetic one.
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Fe VS Fb

We can verify that in a dipole magnet the electrostatic solver does a good enough job
because the electric interaction is much stronger than the magnetic one.

Fe vs Fb histogram
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Fe VS Fb

We can verify that in a dipole magnet the electrostatic solver does a good enough job
because the electric interaction is much stronger than the magnetic one.

Fe vs Fb histogram
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Force Acting on the Beam

It has been proved that the kick on the beam generated by the e-cloud is only effect of
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Force Acting on the Beam

It has been proved that the kick on the beam generated by the e-cloud is only effect of
¢.

Force acting on the beam:
oA .
F:q(fv¢>f §+Bcis X B>.

It is possible to show analytically that

OA .
Bt = Bcis X B

and therefore
F=—qV¢

We used this fact to cross check our implementation.

ion
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Force Acting on the Beam

We verified numerically the relation
oA

_ 34 _ —By
8t_ﬁC|5><B_6c|: B, :|
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Force Acting on the Beam

We verified numerically the relation

OA : -B,
— = fBcis x B = ¢
ot Bx
A o
St le-1 —B*c*By  1e-1 > lea o
1.00 1.00 15
10 0.75 10 0.75 10 1.0
i 0.50 i 0.50 i 05
0 i, | 025 > 0 i, | 025 > 0 ( | 00 S
? 0.00 4 0.00 —05
-10 —0.25 ~10 —0.25 ~10 :1(5)
-0.50 -0.50 5%
-20 0 20 -20 0 20 -20 0 20
A 2
- lel o B*c*By lel o pa led o
15 15 1.5
10 1.0 10 1.0 10 1.0
" % 05 _ " 3 05 _ P ¥ 05
o 00 >lg o 00 >Ig o 0.0 >I§
4 -0.5 ® 4 -0.5 ® 4 05
_10 -1.0 _10 -1.0 —10 -1.0
-1.5 -15 1s
2.0 -2.0 ’




Force Acting on the Beam

We verified numerically the relation
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Force Acting on the Beam

We want to analyze more specifically the magnitude of the different components of
the force acting on the beam in the beam area. We therefore probe them in a region
with comparable size to the beam.
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Force Acting on the Beam

We want to analyze more specifically the magnitude of the different components of

the force acting on the beam in the beam area. We therefore probe them in a region

with comparable size to the beam.

Electron cloud particles

Uniform grid in an ellipse

with axes 3xox and 3x*0y,
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Force Acting on the Beam

We then measure the three components of the force caused by the e-cloud in the
beam region.
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Force Acting on the Beam

We then measure the three components of the force caused by the e-cloud in the
beam region.

0.005
dA

— 1%
0.00a{ = = [lBcis X A[|

— Ivgll
0.003
0.002
0.001
0.000

105 10 103 102 101 100 10! To?

V]

We observe a perfect overlap of ||%|| and ||8cis x Al|, while ||V is 3 orders of
magnitude bigger than the other two.
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Conclusion
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Conclusion

®  We have added the possibility to carry out electromagnetic simulations in
PyECLOUD

® Electromagnetic simulations are computationally more heavy

[ ]

The results of electrostatic and electromagnetic simulations are
indistinguishable
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® Electromagnetic simulations are computationally more heavy

® The results of electrostatic and electromagnetic simulations are
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Electrostatic simulations are good enough
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Conclusion

®  We have added the possibility to carry out electromagnetic simulations in
PyECLOUD

® Electromagnetic simulations are computationally more heavy

®  The results of electrostatic and electromagnetic simulations are
indistinguishable

[

Electrostatic simulations are good enough
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