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Layout of the E-XFEL injector (DESY, Hamburg)

RF gun CDS booster cavity 3rd harmonic RF, BC1

.
~ 60 MV/m ~ 20 MV/m

Laser

RF gun — generate low :> booster — matched acceleration :> measurement station,
emittance bunch to preserve emittance phase-space linearization,

main linac, ..
= 1999: project begin at PITZ facility in Zeuthen
= 2003: first operating device — 1.7 mm mrad for 1nC bunch
= 2010: PITZ-1.6 — 1.2 mm mrad
» since 2012: PITZ-1.8 — 0.9 mm mrad
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The PITZ RF gun of the E-XFEL

1-1/2 S-band RF gun (PITZ, Zeuthen)

2nd Iris ——
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The PITZ RF gun of the E-XFEL

Discrepancies between experiment and simulation

2.2 I 9nC, measured Transverse emittance
2.0 | =2nC, simulated comparisons (M. Krasilnikov,
1.8 —o— 1nC, measured DESY)
= = 1nC, simulated
E 16 nL., simulatc
——0.25nC, meas.
g 1.4 - ) 1.9 [
é —0.25nC, simul. ' I
8 ] 2 B —!"_G.II"IC, meas. 1.7 | —4& measured XY-emit (05.05.2011)
1.0 | —0.1nC, simul. ] e
208 ——0.02nC, meas. I
i —0.02nC, simul £13
’;‘2.0.6 AZnC, sumul. £ / ?
0 4 GE; 1.1 N l A
' — — 5 oo N\ [ & :{f
02 | boas” L minimum emittance spot | £ \ / '
i 0.1nC | ; ; | 5] !
) : : : 0.7 \ L —
0.0 F02nC | | | N4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.5
. 375 380 385 390 395 400
rms laser spot size (mm) Imain (A)
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Discrepancies between experiment and simulation
Emitted bunch charge vs. laser energy Emitted bunch charge vs. gun phase
16 T T T [ T T T T ] 16 |
O 14 | |-—measured charge (XYrms=0.3mm, Odeg) 14l 1nC emittance )
< msimulated charge (XYrms=0.3mm, Odeg) Q measurements
= 127 ~12
O =
= 1.0 Q 1
= z
S \ S
> 06 A 206
S o4 @nominal energ 5 —m— measured charge
o . E 0.4 (X¥rms=0.3mm, LT=100%)
E c s simulated charge
2 02 2 0.2 (X¥rms=0.4mm, Qb=1nC)
3 ' m—simulated charge
< 00 0 . __(XYms=0.3mm, Qb=1nC)
00 02 04 06 0.8 10 1.2 14 16 18 2.0 80 40  -20 0 20 40 60 80 100
~ laser intensity, nC gun phase-MMMG, deg
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The PITZ RF gun of the E-XFEL

Discrepancies between experiment and simulation

Phase-space comparisons at EMSY1

3 trace space y---py/<pz=

trace space x-—--px/<pz> 10° x10° beam size x-y x10°
0.8 e
06 9 3 ® ?
8 : 8 8
04 7 7 7
F 02 6 6 6
£
i i y 5
Simulation & 9 .. ° 4 ;
% -0.2 550 4 A
3 3 3
04 4
2 . 2 2
- 2
0.6 1 1 1
08 e 0s 02402 0 02 04 05 08 88 06 04 02 0 02 04 06 08
x [rm)] y [rmm]
05 . osk
L [ i !
Experiment “ I : a - :
-0.5_— .0_5__
I M TR E R RS n ! | |
-1 05 0 05 1 1 -05 0 05 1 ol L
X, [mm] ¥, [mm] 1 2 3

X, [mm]

3
m|
=
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The PITZ RF gun of the E-XFEL

Discrepancies between experiment and simulation

« Experiment:

« Laser profile and/or QE distribution
at the cathode

« Asymmetries of RF-field in the gun

* Phase-space
measurement scheme

 Simulation

« Space charge calculation model

* Emission model
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The PITZ RF gun of the E-XFEL

Discrepancies between experiment and simulation

« Experiment:

« Laser profile and/or QE distribution
at the cathode

« Asymmetries of RF-field in the gun

* Phase-space
measurement scheme

 Simulation

« Space charge calculation model

* Emission model
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Relativistic field effects

Variance of particle velocity during bunch emission

1

Mean velocity
Velocity variance

0,9

Beam uniformity
assumption is violated few
mm away from cathode

Need full
electromagnetic
space-charge model

0 02 04 06 08 1 12 14 16 1.8 2
z/(cm)
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Relativistic field effects
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Lienard-Wiechert particle-particle approach

r.O(tr)

\ -Ct

macroparticles

now

+Ct

A 4

cathode

iImage charges

tn+1

acceleration
radiation

A

_q |(=B)IBf) nx(n—p)xi
4re,| (1-B-m)’R*  (1-B-n)°R

v J
Lorentz

contraction retardation

t=t,

= Need to store full trajectory history

= Search retarded interaction point for
every particle-particle pair

= Scaling: N, X Ny
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Relativistic field effects
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Lienard-Wiechert particle-particle approach

2
(n=B)(1-IB]) nx(n—p)xf
= T+ ( ﬁ)B P , B=—-—nxE LW single particle field
472'6‘0 (1—B-n) R (1—[3-n) R C t=t,
t=t,

Hierarchy of approximations retardation | contraction radiation relative motion
=0 E-statics (ES) — — — —
f? «1 E-statics / B-statics (ES-MS) — — — +

bunch in uniform motion / — —
B = const average frame (UMAF) T T B B
_ individual particles in uniform — - _
B =B motion / local frame (UMLF) T T +
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Relativistic field effects

Full EM vs. static/quasistatic approximations

Astra (500K)

LW (500k - 100fs)
DG (500k - 4x4x6)
ES (500k - 50fs)
ES-MS (100k - 50fs)
UMAF (500k - 50fs)
UMLF (100k - 50fs)

& (mm mrad)

0.5

o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
z (M)

3
m|
=
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Relativistic field effects

Lienard-Wiechert vs. grid based solvers

3
2.5
— &=
g ? 5
E =
@
E d — Astra (500k) oV
= & s | VNV (500K - 100fs) =
& 1.5 f — DG {500k - 4x4x6) 8 2
S 5 s C5T PS5 i
- ¢ — —— Error - DG vs. LW
) ! — —— Ermor-DGvs. CST
/ — — — Error - DG vs. Astra
1 H 4
1 !
v
- e e e i e
05 E‘—T""‘fﬁkﬁ _____ R e e 0
0 0.002 0,004 0.008 0.008 0,01 0.012 0,014 0,016 0.018 0,02
z (m)
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Relativistic field effects

£ (mm mrad) & (mm mrad)

g LMm mrad)

DARMSTADT

0 = — === %
8 0.4mm - 500k | XY_rms=0.4mm | — o
Astra - 5. 74m P \ A w 9:
e G - 5 74m A S
° / W"\"\‘- ¥ 15 £
4 @
=
©
: o

8 16
0.5mm - 500k XY _rms=0.5mm —
g Astra 5.74m 12 =
DG 5.74m \ I H 5
—— — Error e =
: 7N IR 5 ©
| 2
: \| ¢ 5
0 M 0
g | 15
: 0.6mm - 500k XY_rms=0.6mm 125 &
Astra 65.74m I =
4 10 ’é
3 75 E
2 5 %
1 25 ©
0 0
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Relativistic field effects

Full EM vs. quasistatic approximation

Effect on transverse emittance Effect on slice energy spread

22 | spch limit @ > 0.4mm | 4

AE - Astra

AFE - LW - 200k

AE - DG - 500k

- DG - BxhxB / 1000k

2 w— [leasured
— ASTRA

-6 06

2nC

spch limit @ > 0.25mm

ha
3
AE (keV)

08

0.1nC 1nC ~spch limitation

0.6

04
02 same “optimal” XY_rms ‘

005 01 015 02 025 03 03 XEIA (0.45) 05 05 06 08 07 075 08 1 -3 -2 -1 0 1 2 3 4
rms {mm
- Az (mm)

3
m|
=

October 18, 2017 TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | PD Dr.rer.nat. Erion Gjonaj| 16

|

n<

o




L . TECHNISCHE
Relativistic field effects UNIVERSITAT
DARMSTADT
Effect on charge emission -
Full charge emission
, with electromagnetic approach
Nominal bunch: g PP
Flat-top: 2.2-21.46-2.2 ps 1.6 \ |
Acc. field: 60MV/m 1.4- .
Measured charge: 1nC 1.2y |
e I —————— —— - ——
Q| P ————— —
1.6 | T -‘ki 50.8_ |
i 1nC emittance ! | — 4
o 1 1nC emittance 0.6 — Q= 1nC, DG 4x4x6, 500k
€ .5 | \.‘ | 0.4 — Q=1nC, DG 5x5x8, 1000k ]
G | | — Q=1nC, LW 200k
= ‘ 0.2 --- Q<0.86 nC, Astra 1
= 0.8 | ‘ ' '
© : 0.25 0.5 0.75 1
06 +Eiﬁ£g.gﬁﬁeu=sz%) — z (mm)
S —m—measured charge [/
= 04 (X¥rms=0.3mm, LT=100%) o . .
202 T Oime0 4. Qb=1n) space charge limited emission
o | _{sﬂ:’r‘:ﬂcshnﬁe Qb=1nC) with Astra
-60 =40 =20 0 20 40 60 80 100
gun phase-MMMG, deg
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Space charge vs. source (QE) limited emission
LT=13% LT=25% LT=100%
e (T3 5 ——meas.(LT=100%,3.5MW)
2 ‘ T ‘ ' ‘ ' ‘ 2 ' o ——fitted (LT=100%,3.5MW)
1.8 - : : 18 || —fitted (LT=25%,3.5MW) —o—meas.(LT=100%,6MW)
——meas.(LT=13%,3.5MW) ——meas.(LT=25%,6MW) L )

16 ——fitted (LT=13%,3.5MW) 181 —fitted (LT=25%,6MW) ——Tited (L 7=100%6MW) '
Q14 ——meas.(LT=13%6MW) || [[214 7 214 f
@ 12 fitted (LT=13%,6MW) | @12 _ _‘_:‘_,_‘_.‘ - ® 12 /
2 | i | 2 /i 2 £ 7
5 Tspchiimit’V | [oE imit] ||, | 7% TN |5 £7
£ 0.8 = =08 . = 0.8
g g N g
206 306 % | ||306

0. 0.4 d 0.4

0.2 02 k! 0.2

2070 20 40 60 80 100 120 140 2070 20 40 60 80 100 120 140
launch phase (deg) launch phase (deg) launch phase (deg)

(from M. Krasilnikov, DESY)

3
m|
=
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Modelling emission with space charge UNIVERSITAT
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Space charge vs. source (QE) limited emission
1600
1400 ~8—BSA=1.8mm;6MW,90deg | /
—o—BSA=1.8mm;6MW,;409deg
BSA=1.8mm;6MW,;30deg
1200 T T T
1000 “spch limited”
800

source limited
400

0 2000 4000 6000 8000 10000 12000 14000

laser pulse energy (pJ)

16000

(from M. Krasilnikov, DESY)
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Modelling emission with space charge
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“Space charge limit” for transient emission

= Total emitted charge always depends on laser pulse intensity
= Very difficult to simulate for very high charge densities at the cathode

2

m— Qb1, 10pm
=— Qb2, 5pm

= QDb3, 2um

1.5 = (b4, 0.5pm
_ T LG o2oum CST PS simulation for an input
g . bunch with 2nC and different
o] .
4 mesh resolutions
0.5
00 5 1b 1r5 Zb 2r5 3b 35

t (ps)
= Emission with strong space charge limitation not interesting.
Define: highest bunch charge produced without back-moving particles
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Modelling emission with space charge

TECHNISCHE
UNIVERSITAT
DARMSTADT

“Space charge limit” for transient emission

Iterative calculation of space
charge emission saturation:

Q,=2nC,N=0

v
Qu=0Qu—NxAQ

v

Generate particle distribution

v

Track particles

»| T+N=N

Yes

Particles lost?

Qp = Qg

Ecath at emission (MV/m)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

15 T T T T T T T T T T T T T 1.5 T T T T T T T T T T T T
1.44 - ‘. L . - - - - . '-‘ - ' 14 H H H H H H ' | ' ' ' H i
Q=i P77 9 LT 00 1.3 == Simulated, FT-4MW, LT=100% -
1:1--0:-Meafurfd,:FT:T-fSI\Il:W,:37y ol 11 ™" Measured, FT-4MW, 37nJ |~
. g : 1
BN .- 7 O O N S . 20 O
LN .0 T I O
TN Y. S T
w1 source limited C
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 45 50 55 60 65 7!
Ecath at emission (MV/m) | | Ecath at emission (MV/m) I
1l5 ! ‘! 1‘ ‘! 1‘ ! 1‘ ! ! T T ‘! ! 1l5 T T T T T T T T T T T T T
(| S OO OSSO SO OO SON SO o e
13| | mm S o7 b (| SN TS S S S T A S S
12 _S'\;I'(:‘;La:::g:; 7755|\|>|n\)Ivv U s 12/]=0=Measured, GS-4MW, 37nJ
e Al e Simulated, GS-4MW
ggspch limited vy
] e e——. v — o s
05 DI ... i
0.4 ‘ :
0.3 f
0.2 f
0. 1

i smnrsi RIS I O T NS I
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Ecath at emisison ‘MVlm!
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“Space charge limit” for transient emission
Iterative calculation of space
charge emission saturation:
2
1.9
Qu=2nC, N=0 7t T it o
) : -.-simulaled: As,tra, IC’T1, XYrms.=0.3mm
Y is
Qo= Qo— N x AQ 14
13 . T
v 1.2 g
Generate particle distribution ﬁ o 1-1 7
v z| o9 y'al
) + 0.8 ’
Track particles = 0.7 ," ,/ \
0.6 /
A 0.5 »
/
_ Yes 04 .
Particles lost? gg s’
0.1 _
A00-90 80 -70 -60 -50 -40 30 20 -10 0 10 20 30 40 50 60 70 80 90 100110120 130
Qb = QO Gun Phase w.r.t MMMG Phase (deg)
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Modelling emission with space charge

Emission models for the cathode

t
_ Ligser(T) Charge produced at the cathode by
e = ]_oo ‘T QE(x)de photoemission

Fowler-Dubridge model (metals): QEx(t) = n[hv — ®,,]?

[hv-,,]3/2
hv—d,,]3/2+y

Spicer model (semiconductors):. QEs= :

(1_Rw)\/1+(hv_q)w)/Ea
2(po+1)(1+(hv-Dy,)/Eg)?

Jensen model (semiconductors): QE; =

Schottky effect
A ..
- ~N surfige charge limit effect
D, (t) = Dy — FSOEtOt(Z =0,t) + k[I(z = 0,t]"
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Modelling emission with space charge
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Cathode characterization

Find best match to a given measurement point in
the cathode parameter space

Start parameters, t=0

|
|

Inject charge Eq.(8), AQ
|

Beam tracking using LW | |t=t+At

Modify cathode
parameters

800 1 I 1 1 1 1 1 | 1 1 ] 1 1

Cathode #1/
700~ == casured, Cath #1, temp. Gaussian, 1.5 MW, MFG GP
=== Measured, Cath #2, temp. Flattop, 7.75 MW, MMMG GP

600- /. / Cathode #2 == = Simulated, Cath #1

==le= Measured, Cath #3, temp. Gaussian, 1.5 MW, MFG GP

—— wes = Simulated, Cath #2
/ \ == = Simulated, Cath #3

_ 500 |
)

£ 400! Cathode#1: QE,,=8.5% (fresh) —

035 Cathode#3: QE,,<0.6% (worn) Cathode #3
300+ T

—_
200+ pot® /\ |

I - el
100§ i |
00 20 40 60 80 100 120 140 160 180 200 220 240 260 280
WL (nd)

Example cathode
characterization for 3
different cathodes, different
RF powers, gun phases and
bunch types.
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s Laser profile

Schottky effect - = |

| === QE - Schottky j
]

0.091
10.088

Local modifications of cathode QE-map sl

as well as of the temporal emission R D SRR j:""’”'?i
current profile i b
~10% " p
O . W‘o.ovs
% 5 10 15 2 28 307

t(ps)

~27 %

FT: 2.2-21.46-2.2ps
P.= 4.4MW
W eer = 37NJ
QE,...= 8.8%

| } - _- __ e S— Qbunch:lr]C

0.078 0.085 0.07 0.085 0.066 0.084

XY_rms=0.40mm, Q=1nC XY_rms=0.30mm, Q=1nC XY_rms=0.275mm, Q=1nC
25
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Comparisons with experiment
Simulated bunch charge with

_ _ Schottky and surface charge effect
Simulated bunch charge with

Schottky effect only 1100 |
1100 o . -
R S 500
300 I z 100 1 L I L L L L L 1 L 1 L I I J
1 — e 0 40 80 120 160 200 240 280
100530 60 90 120 150 180 210 240 270 300 WI [nJ]
WI [nJ] — Measurement, QE=8.5%
——Measurement data “v=v LW simulation without A®,
app- LW simulation with the Spicer model — LW simulation with A¢p~1 _2*(|)0.5
+e=¢- LW simulation with the Jensen model = LW simulation with A® ~1.2*()0-3
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Summary

= Space charge effects in RF photoinjectors

- Relativistic effects in the gun

» Fast charge expansion in the gun is important for beam emittance simulations as well
as for the space charge limit of the injector

» Relativistic corrections in space charge tracking codes are needed

- Emission modelling with space charge

« Calculation method for the space charge limits at different machine operation points;
good agreement with measurements

* Incorporate photoemission models into tracking codes in the source limited regime;
cathode characterization

» Modification of the longitudinal and transverse bunch profiles due to Schottky effect

» Modification cathode QE due to surface charge limit effect at high laser pulse energies
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Thank You for your attention



