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Emittance studies for the PITZ injector

Optimized machine parameters

Problem description for Q = 1nC (simulations)

waveguide parameter |unit value
T temporal profile flat-top
. i - transverse |distribution rad_.homogen
bucking coil @
=2 t/FWHM\t |ps 2/22\2
L]
L]
:g XYrms mm 0,401
(1]
© Ek ev 0,55
th.emit. mm mrad 0,34
~————.  electron Ecath MV/m 60,58
beam s
J 2 phase deg -1,116
g a mirror &
photo ] maxBz T -0,22808
cathode
. I n e maxE MV/m 20,6
coaxial aser 9 3
coupler beam 2 |phase deg 0
main solenoid > - charge nC 1
% momentum |MeV/c 24 64
talk from M. Krasilnikov, ®  |projemit. |mm mrad 0,60
Zeuthen, 2011 § S p—
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emittance, mm mrad
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—&— measured 2nC

- Simulated 2nC, 20ps

= Simulated 1nC, 22ps

—a— measured 0.1nC

—o— measured 1nC (0deg)

------ simulated 1nC, 22ps,

= simulated 0.1nC, 20ps

—e— measured 1nC (6deg)

Ek=4eV

» Optimum machine parameters (laser
spot size, gun phase):
experiment # simulations

« Difference in the optimum laser spot
size is bigger for higher charges
(good agreement for 100pC)

- Artificial increase of the thermal
kinetic energy at the cathode (from
0.55eV to 4eV) did not improve the
situation

talk from M. Krasilnikov,
Zeuthen, 2011
B s s - | 'But:
) A * Optimum laser rms spot sizes:
Lr‘/,g * XYrms=0.30mm (BSA=1.2mm) - experimentally
R i N [ «XYrms=0.4mm -> simulations
* Applying 0.3 mm laser spot to the simulation — it is impossible to produce 1nCl!
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

RMS laser spot size, mm




Emittance studies for the PITZ injector

Problem description
= Sources of discrepancy:
= Thermal energy spread at cathode
= Oxide layer effects and cathode impurities
* Limited knowledge of machine conditions during measurement
» Emittance measurement — slit scan technique

= \Wakefields

» Improper modeling of radiation fields?

» |Inaccurate simulation of the emission process?
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Emittance studies for the PITZ injector

Problem description

Bring particles Solve for electrostatic field Push particle positions and
to computational grid on the grid (DFT) momenta

-y = ‘ew — IS

Transform to Transform
average rest frame (fields) back to lab frame

» Boosted frame approach (ASTRA):

= Retardation effects due to relative motion within bunch?
= Acceleration radiation?

» Relativistic correction for mirror charge fields?
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Beam dynamics in the boosted frame

Problem description

» Field of accelerated point charge: Velocity sheer
(space charge free simulation)

oo a [(=B)(B) nx(nop)xp | os| = Yeanyeeos
4re,| (1-p-n)’ R? (1 B-n)’R 08
N yj v 7 t=t, 0,7
M- . Beam uniformit
retardation acceleration 0.6 n unrrormity
2 05 assumption violated few
g 04 mm away from cathode
» Retardation only wrt. mean bunch o3
motion 0,2
0,1
» Effect is stronger when space 0
. . 0 02 04 06 08 1 12 14 16 1,8
charge is included 2/ (cm)

= Effect is stronger when mirror charges are considered

16. Dezember 2011 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | PD Dr.rer.nat. Erion Gjonaj

<
L




Emittance studies for the PITZ injector

Effect of retardation for single electron fields

> K, m=m,
V_(X)
@ > X
F=akE
. E, =60 MV/m
mv(x) v'(x)
=F, v(0)=0
s V(X)° \ar2 ’
=02l (1_ 2 )
: ] C
; d,=1mm|
0.1 |
| | c\/ F,x(2c’m+ F,X)
| \ =V, (X)=——— s
ol N , Cln:Ex
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
X/m
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Emittance studies for the PITZ injector

Effect of retardation for single electron fields
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Effect of retardation for single electron fields

Retardation time at arbitrary observer
position as a function of time:

| X=X, [T, (% 1)]

T(xt)=t-
C

V,(X) observer
® > ¢ X

3xt0-1 L
25x10~ 1 —
2.x10-1 |}
- 1.5x10-1 f

| T.(x 1) =1
1.x10-11 |
5.><10_12;
of

(a—X)[ 28m+ Fy(x—ct) |

2c[c®m+ F,(x—ct)]
(ct+X) [202m+ F (x+ ct)]

2¢’mH+ 2¢F (¢t + X)
0,

ct>x> X (t)

X< X, (t)

X>ct

0 510712 1,101 1551011 2. x 10~ 11 2510~ 11 3. x 101"
t/s
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Effect of retardation for single electron fields
Electron fields at fixed positions
A L B BN 0.010 fr—— =t 3
- |- static | |- Static
0120 |y x=0 1 L LW X=1mm
0.10 | ] 0.005 - .
0.08 | |
S | = 0.000" .
w 0.06 - 1 o , ]
0.04 - ] I |
i ~0.005 - ,
002} ]
000 ;\ T T I T S S S S S (S E S ENY SO SN ST SO N NT \; _0010;\ L Lo | L L L L T L Lo | L L L L T L \;
0 5.x107121.x10-"1.5x10-112.x10-112.5 x10-113. x 10~ 0 5.x107121.x10-"M5x10-12.x10-12.5 x10-113. x 10-11
t/s t/s
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Effect of retardation for single electron fields

Driver and test particle

— F, trajectories
Vp (t) 0.007 -
@ > > X :
0.006 -
O—> O 7
0.005 |-
0.004 |-
£ I
A, =10 ps g |
0 p 0.003}
bynch tail bunch head 0.002]
ﬁ > > X 0.001}
0.000 | e
t/s
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Effect of retardation for single electron fields

Fields at head particle

Fields at tail particle

0.0000 F i
- |— Static 0.0007 — Static
LW LW
0 0.0006 -
~0.0005 | I
0.0005 L Es (O, AO) - 00055V/m
~0.0010 ¢ [
- g 0.0004 | = (O, Ao) =0.0086V/m
S [ <
~ L :
w-0.0015 000031
~0.0020 - 000021
0.0001 |-
-0.0025
0.0000 |-
0 51012 1101 15101 25101 25x10-1 35101 5.x10°! 1.x10710 15x10710
t/s t/s
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Effect of retardation for single electron fields

» Add mirror charge at conducting surface

— F,
-V, (t) Vo)
< @ ® > >
mirror charge o*— *—
Vo(t—4y)  V (t+A,)
A, =10 ps

3.x10-1 |
25x10-11F

2.x10-11 [

w

15x10-11 |
1.x10-11 |}

5.x10-12 |

Retardation times of particle
and its mirror

0 5.x10°121.x10-M1.5x10-112. x10-112.5 x 10-113. x 10"
t/s
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Emittance studies for the PITZ injector

E/V/m)

Effect of retardation on single electron dynamics

Total fields at head particle Total fields at tail particle
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i 0.0030 - — Static 1
- LW 1
-0.0001 — 0.0025 i ]
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Emittance studies for the PITZ injector

Lienard-Wiechert particle-particle approach
" A ct now +t = Store full particle history — huge
memory

» Search at every time step retarded
times and positions for all particle
positions - sz- N, operations

= Full physics

cathode = Accuracy depends only on

= Time step
= Number of particles

image charges ®
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Emittance studies for the PITZ injector
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The PIC approach

Bring particles Solve full set of Maxwell Push particle positions and

to computational grid equations on the grid momenta

LR
T’ P
1Y I

» Includes all effects; can handle arbitrary geometry
= Numerically more efficient then LW approach

= Accuracy depends on: accuracy of field solution, number of particles,
current smoothing, time step,...

= <D
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Emittance studies for the PITZ injector

High order DG-FEM method

= Very accurate field solutions using piecewise high order polynomial
approximation with grid cells (DG-FEM)*

* Field resolution is given by

step = use sparse grids

* Very low dispersion errors

approximation order not by grid

» Spectral convergence (wrt. order)

E(x,1)

} } - } ' > X
X1 X Xi 41

* E. Gjonaj at al., New J. of Phys., Vol. 8, (2006), pp. 1-21
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Charge conserving current interpolation

- Macroparticle current density:

__I____.L____.LW
)= Qv,OW,[r—r,(t) ] |
p : O
- DG-FEM current projection: __:22___-]____
I e
jie(t):ZQpr t) | d3er(r,t)g0ie(r) | O
ACD
I
I
- Discrete current / time step / cell: :VP O
I

e =[ de)

- Choice of particle size most critical parameter for simulation accuracy
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Emittance studies for the PITZ injector INYEREE
Beam dynamics in the gun: LW simulations Q=1nC

XY _rms =0.75 mm

Projected transverse emittance for non-optimized setup

different particle numbers (data from 2010)
3,5
3
2,5
Je |J~\2 TB
c 2
£
E 45 10.000 particles
= 50.000 particles
y 100.000 particles
200.000 particles
=#—#= 500.000 particles
0,5
At=0.1ps
0

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5
z/ (cm)

N
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Emittance studies for the PITZ injector L A
Beam dynamics in the gun: LW simulations Q=1nC

systematic different
behavior at the

Projected transverse emittance:
comparison with ASTRA

XY _rms =0.75 mm

non-optimized setup
(data from 2010)

cathode
N
g
S
£
E 15| 10.000 particles
= | —— 50.000 particles
“ 100.000 particles
200.000 particles
=#—#- 500.000 particles
015 -&—4A- ASTRA
At=0.1 ps
0 1 15 2 25 3 35 4 45 5

z/ (cm)
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Emittance studies for the PITZ injector

Beam dynamics in the gun: PIC simulations Q=1nC
XY _rms =0.75 mm

Projected transverse emittance for non-optimized setup

. different approximation orders (data from 2010)
3,5
3
8 25
£
E 2
£ PIC - P1
< 15 PIC - P2
PIC - P3
1 ~A—4&- PIC - P4 Az=1mm
05 As =10 um
N, = 50.000
0

0 0,5 1 1,5 2 2,5 3 35 4 4,5 5
z/ (cm)

16. Dezember 2011 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | PD Dr.rer.nat. Erion Gjonaj

=
@7

ke
1<l




Emittance studies for the PITZ injector

Beam dynamics in the gun: PIC simulations

Projected transverse emittance for
different approximation orders

Q=1nC

XY _rms =0.75 mm

non-optimized setup
(data from 2010)

T oo~ | aadriebebodebolobebebebebebedrbr b b lel e
©

£

£

£

e ——— PIC-P2
® PIC - P3

-A—4A- PIC - P4

-A—4&~ ASTRA

Lienard-Wiechert

Az=1 mm
As =20 um
Np = 50.000

1 15 2 25 3 35 4
z/(cm)

4,5 5
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px/pz mrad

norm. particle densitly

Emittance studies for the PITZ injector
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Beam dynamics in the gun
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Apz/pz

line charge density nC/m

Emittance studies for the PITZ injector
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Beam dynamics in the gun

0.05

-0.05

1

150 200

00
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Longitudinal Distribution
T L T ] L
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| 1 1 L
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Beam dynamics in the gun @ - | e

| | _ XY_rms = 0.75 mm
Slice emittances for the different non-optimized setup

codes (z=5cm) (data from 2010)

13

1,2

1,1

1

09

en / (mm mrad)

0,8

0,7

0,6
= 1 -2,5 -1,5 -0,5 0,5 1.9 25 3,9
(z-<z=) / mm
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Emittance studies for the PITZ injector

Beam dynamics for PITZ-1.8 setup @- e
PITZ-1.8 setup

Projected transverse emittance for

M. Krasilnikov, 2011
different XY _rms sizes ( )

no SPCH limiting at

XY_rms = 0.3 mm

N

25

N

&n / (Mm mrad)
o

— XY_rms = 0.6 mm
— XY_rms = 0.5 mm
— XY_rms = 0.4 mm
— XY_rms = 0.3 mm

N

o
(&)

0

0 05 1 12 2 295 3 35 4 45 5 95
z/(cm)
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Emittance studies for the PITZ injector

Beam dynamics for PITZ-1.8 setup @ e
PITZ-1.8 setup

Projected transverse emittance for

M. Krasilnikov, 2011
different XY _rms sizes ( )

no SPCH limiting at

XY_rms = 0.3 mm

N

[ .

N

&n / (Mmm mrad)
o

— XY_rms = 0.6 mm
— XY_rms =0.5mm
— XY_rms = 0.4 mm

—— XY_rms =0.3 mm
XY_rms=0.3 mm,

0 05 1 15 2 285 3 35 4 45 5 35
z/(cm)

-—

o
&)

0
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Beam dynamics for PITZ-1.8 setup

no SPCH limiting at
XY_rms = 0.3 mm

Projected transverse emittance for

Q=1nC

PITZ-1.8 setup
(M. Krasilnikov, 2011)

different XY _rms sizes

N

N

|

&n / (Mm mrad)
o

XY_rms =06 mm
XY_rms =0.5mm
XY_rms =04 mm
XY_rms =03 mm

-

[

o
w

-

XY_rms =03 mm, N, =
XY_rms =0.3 mm(@t = 0.05 ps

0 05 1 158 2 25 3
z/(cm)
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Beam dynamics for PITZ-1.8 setup @ - 1nC

= Restarted ASTRA simulations with LW bunch as

initial distribution

3
— Zx=1cm
— Zp=2CM
2.9 — Zp=3Cm
—_—Zo=4cCcm
Zp=5cm
2 ASTRA
15 EMSY1 (z = 5.74m)
1
0,5
0

0 05 1 15 2 25 3 35 4 45 S5 55 8 65 7
z/(m)

0,74

0,72

07

0,68

=n £ (MM mrad)

€
=
[=>]
[=>]

0,64

0,62

XY_rms = 0.4 mm

PITZ-1.8 setup
(M. Krasilnikov, 2011)

Emittance at EMSY1 vs. z,

0 05 1

15 2 25 3 35 4 45 5 55
Zp/ (cm)
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px/pz mrad

norm. particle density
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Beam dynamics for PITZ-1.8 setup @ - 1 n6

05

ASTRA (z=574m) |

A

T mm

Transverse Distribution

X mm

px/pz mrad

norm. particle densily

1

0.5

0

LW (z=5.74m) |

XY_rms = 0.4 mm

PITZ-1.8 setup
(M. Krasilnikov, 2011)
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Transverse Distribution
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Apz/pz

-5x1073

line charge density nC/m
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Beam dynamics for PITZ-1.8 setup @ - In¢
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Beam dynamics for PITZ-1.8 setup @ 1nE

_ _ _ XY_rms = 0.4 mm
Slice emlgtances_for;?le different PITZ-1.8 setup
; codes (z = 5.74 m) (M. Krasilnikov, 2011)
2.5
—— ASTRA
— | W restarted

N

&n / (MM mrad)
o

-—

0,5

(z- <z=) /' mm
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Emittance studies for the PITZ injector

2.2 —e— measured 2nC Q=1nC

PITZ-1.8 setup
(M. Krasilnikov, 2011)

w Simulated 2nC, 20ps

2.0

—o— measured 1nC (0deq)

1.8 | === simulated 1nC, 22ps
------ simulated 1nC, 22ps, Ek=4eV

—a— measured 0.1nC

1.6

14 w— simulated 0.1nC, 20ps

—e— measured 1nC (6deg)
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0.8 +————————
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Emittance studies for the PITZ injector

Beam dynamics for PITZ-1.8 setup

Still no good agreement with experiment

Could extract full bunch charge at XY_rms = 0.3 mm
Slightly larger emittance than ASTRA

Emittance minimum and curve pattern same as ASTRA

Are other effects responsible for the discrepancy (wakefields?)

Restart positions too close to cathode backplane
Longitudinal density oscillations not fully understood

Convergence of LW vs. time step is unclear
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Discussion on space charge at the cathode sl
XY_rms = 0.3 mm
c,:' 1 z=1cm gg-_' 1 z="1cm *EOE_I ] z="1cm
- : s \‘“":\.\H_\\\A ::? - /‘ "*m.\mﬁx\\‘ ; - 1/ W\MW“-\.«M 4
b 4 v = f/ Sem, "~ “rn <
St | LS = ™~ 1 st A ]
j dt =0.1 ps ; _ dt =0.05 ps {3} dt =0.1 ps :
ol N, = 500K Y N, = 500K ] Eaf N, = 1M ]
0 [ < L r 1 §%l - ]
I g I
o U = o4 < o L [ n
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Emittance studies for the PITZ injector
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Discussion on space charge at the cathode

LW slice emittances for different

No convergence: need _
parameters (z = 1cm)

to refine dt and Np

simultaneously

Q=1nC
XY_rms = 0.3 mm

PITZ-1.8 setup
(M. Krasilnikov, 2011)

08
£o)
® 06
£
E {
= 04 dt=0.1ps, Np=500K
5 — dt = 0.05ps, Np = 500K

—— dt=0.1ps, Np=1M
0,2

(z-<z=)/ mm
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Emittance studies for the PITZ injector

Discussion on space charge at the cathode

_V —_— F 1
10 RV MVOIVE) _E 4 F, (0, v(0)=0
/\ o) b (1_ V(X) )3/2
=0 ® > 2
& C
“cloud” 2 J2x
mirror charge ke K Erf (O_ )

F.(X) = -
(%) N2 XO 4%

Point charge emission from ideal

surface not possible:

Main branch solution
= Need a cloud mirror charge

distribution 167°c* m*x’c”
v(X)= |1- Yo
(o (4c®mx + KErf (J) +4F X*) — 24/ 27kx)?
o
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Discussion on space charge at the cathode
Wall force modified by cloud charge “Usual” trajectory: small wall interaction
S
— Cloud force ] i
— Coulomb force 1 [ O-::Lllm
_Z.mew; | 0.04
, - |E, =60MV/m
—4.x10-17 003
-6.x10~17 0.02)
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—1.><10_16; ] 0.00;‘ ‘ ‘ ‘ ‘ &
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X/ m X/ m
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Discussion on space charge at the cathode
Small size particle trajectory SPCH limited trajectory
[o=20nm W o =17nm ’
0.0010 - i
' |E, =60MV/m " |E, =60MV/m /
] 0.0005 - B
O'OOOSf F
g 00008 g 0.0000 1
0.0004
I ~0.0005 - 1
0.0002 - \
i —0.0010; :
o.oco0% T S S S S S R
0 2.x107  4.x10°  6.x10° 8.x107°% 1.x10° 0 2.x10°  4.x10° 6.x10° 8x10°% 1.x107
X/ m X/ m
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Emittance studies for the PITZ injector

Discussion on space charge at the cathode

Low field / large size particle trajectory SPCH limited trajectory

0000081 |7 =1ym

E, = 240V/m

|lo=1lum
0.00005j EO — 210V/m

0.00006 -

= | g 0l
=0.00004 - <
0.00002 - i
f -0.00005 |-
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0 2.x10%  4.x10°® 6.x10® 8.x10%  0.00001 0 2.x10°% 4.x10°% 6.x10% 8.x10%  0.00001
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Emittance studies for the PITZ injector

Discussion on space charge at the cathode
= Minimum separation distance between particle and its mirror:
= [W: ~time step
= PIC: macroparticle shape
» ASTRA: longitudinal grid step (?)
= Needs to be reduced at high charge densities: o < A,
= but end up with individual particle interactions
= No numerical convergence
= Only cure, increase number of particles in the simulation

= Full charge extraction at 0.3 mm possible with ASTRA (?)
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Field map calculations

E/[KV / m]

Field noise in eigenmode simulations

Typical field noise on-axis for
computations with unstructured grids

16k - quadratic
el =

Ey

Example tetrahedral
mesh for the 3.9 GHz
34 harmonic cavity

LN T W R R W o N

[o2]
o

-50 -40 -30 -20 -10 0 10

z/[cm] W,

= Need huge amount of DoFs to compensate for mesh asymmetry
= Special treatment for the coupler kicks (PAC 2009, DESY / TEMF 2010)
= So far completely noise-free field maps only possible with Cartesian grids
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Field map calculations

Mixed mesh — high order FEM approach

Data already available for field
map at structured points

Cartesian mesh: no
near field noise

RN VAN AV AW VAV AV

Low frequency noise from far

Tetrahedral mesh:
fields close to the boundary

necessary for fine geometry

16. Dezember 2011 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | PD Dr.rer.nat. Erion Gjonaj

]
m|
=

Ay

n<

o




TECHNISCHE
UNIVERSITAT
DARMSTADT

Field map calculations

Mixed mesh — high order FEM approach

Netgen 4.9.13

E
m|
=
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ield map calculations D Uiversimar
Mixed mesh — high order FEM approach
Netgen 4.9.13
16. Dezember 2011 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | PD Dr.rer.nat. Erion Gjonaj Ly, ";

n<

o
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leld map calculations UNIVERSITAT
Mixed mesh — high order FEM approach
Netgen 4.9.13
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Field lculati TECHNISCHE
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leld map calculations UNIVERSITAT

Mixed mesh — high order FEM approach
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Field quality study for the 3.9 GHz cavity
Fields on axis: Fields on axis:
Mixed mesh with 350K elements Tetrahedral mesh with 450K elements
02 8
: 6 —Eir
4
-0,2 2
5 0
0.4 o©
w -2
0,6 -4
-6
-0,8
-8
-1 -10
(.55 -0,45 -0,35 -0,25 015 -0,05 0,05 0,1 -0,55 -0,45 -0,35 -0,25 0:15 -0,05 0,05 0,15
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leld map calculations UNIVERSITAT
Field quality study for the 3.9 GHz cavity
Fields on axis: Fields on axis:
Mixed mesh with 350K elements Tetrahedral mesh with 450K elements
02 8
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leld map calculations UNIVERSITAT
Field quality study for the 3.9 GHz cavity
Fields on axis: Fields on axis:
Mixed mesh with 350K elements Tetrahedral mesh with 450K elements
0,2 8
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Field map calculations

Field quality study for the 3.9 GHz cavity

Use of different orders in different parts of the mesh to
increase smoothness (not accuracy)
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Field map calculations

Efau.

Field quality study for the 3.9 GHz cavity

Transversal fields off axis: Transversal fields off axis:
Mixed mesh with 350K elements Tetrahedral mesh with 450K elements
04 0,4
H — Mixed: Ax=Ay=5mm — Tefra: Ax=Ay=5mm
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Thank you for your

attention




