Rossendorf SRF-Gun
Operational Experiences

André Arnold
on behalf of the ELBE Crew and
the DESY-FZD-HZB-]JLab-MBI
collaboration

The 50th ICFA Advanced Beam Dynamics A~ A =

Workshop on Energy Recovery Linacs
ﬁHELMHOLTZ

ZENTRUM DRESDEN
ROSSENDORF

16-21 October, 2011, Tsukuba, Japan

Mitglied der Helmholtz-Gemeinschaft




>4

. Mitglied der Helmholtz-Gemeinschaft



Introduction — designed for ELBE

Three operation modes

high peak current operation for CW-IR-FELs with 13 MHz, 80 pC
high bunch charge (1 nC), low rep-rate (<1 MHz) for pulsed
secondary particle beam production (neutrons, positrons for ToF)
low emittance, medium charge (100 pC) with short pulses for THz-
radiation and x-rays by inverse Compton backscattering

Design

¢ medium average current: 1-2mA (<10 mA)

* high rep-rate: 500 kHz, 13 MHz and higher

* low and high bunch charge: 80 pC-1nC

e low transverse emittance:  1-3 mm mrad

* high energy: 9.4 MeV with 3% cells (stand alone)
®

highly compatible with ELBE cryomodule (LLRF, high power RF, RF
couplers, He & N2 support, etc.)
LN,-cooled, el. isolated, exchangeable, semi-conductor photo cathode
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Introduction — Cavity Design
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i 60% | quality factor Q, 101
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RF Operation — Cool down in 2007

4 10M

1,3005G 4— T T T T T T T T T T T
f0 at 1. Cooldown
N f at 3. Cooldown ]
T i §
= T
1,2995G - E
Af =400 kHz
£
1,2990G A = )
s AFIAT = -8.8 kHz/ K ]
1,2985G4 1 0= +6810""
<
AT =296 K \\_L, .
1129806 T T T T T T T T T T T T
0 50 100 150 200 250 300
Temp. [°K]
T T T T T T T
100+ Measurement 7]
----- calculated for 5 W
- — —calculated for 6 W
801 —— calculated for 7 W 7]
time to empty the vessel 110 min-
g 60 4 capacity (100 %) ca. 15 | He
Ia)
>
Q
S 40 .
>
=2
20 - _
0 _

T T T T
0 2000 4000
time [s]

T
6000

T
8000

loaded Q

100k

10k

No problems during cool down

Frequency shift same as expected from
TESLA cells

After 1%t cool down, frequency to high
because change of Ae, between N, filled
cavity and vacuum was not considered

Change in length: Al/I=-0.155%

Coefficient of thermal expansion:
0(20=+6.8' 1 0_6 K_l

Field distribution determined by pass
band freq. measurement [A. Arnold,
proceedings of SRF07, pp. 689]:

(-62% 1 99.4% [ -97.5% / 100%) @ 1.3 GHz

Static helium heat load measured via boil

off curve and comparison with calc.:
Pyic=6—-7W

static
/.
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RF Operation — Pressure Sensibility

T - T
3108 helium pressure | | 16
' frequency shift
3
mn 31,04 8
E
7] 31,00 0 =
o <
S
S 30,96 8
©
<
30,92 -16
16:30 16:40 16:50 17:00 17:10 17:20 17:30
time [hh:mm]
a)
, . , . , . . I
14 4BW=155Hz 10X curve No. - Egeel ]
] 9 1 % 1——0.5MV/m | ]
12 - 2----1.9 MV/m |
3eeeeee 2.1 MV/m
4-—m 2.5 MV/m
— 10 5= 2.8 MV/m |]
[ 6 - 3.1 MV/m
< 7 3.5 MV/m
% 8 1 8- 4.0 MV/m | |
= 9—— 4.6 MV/m | ]
% 6 4 10----5.2 MVim |
g
L
4 4 4
2 4
0 - 4

-200 0 200 400
frequency shift [Hz]

* Pressure sensibility evaluated via standard
deviation of frequency and pressure

O
¢ 4Hz 150 Hz

c, T 0.027mbar . mbar

e DESY ~10 Hz/mbar, ELBE ~32 Hz/mbar

* Because of high bandwidth (~ 160 Hz) and
good helium pressure stability (~ 0.1 mbar)
operation not critical, but needs to be improved

¢ Lorentz detuning (CW) using network
analyzer with inverse freq. sweep

TESLA 9 Zeller
Epe il Ence 2.7 2
K peak 0.69 Hz/(MV/m)? 0.25 Hz/(MV/m)?

reason in both cases: weak half-cell back plane
— additional stiffener considered at new cavities

N
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RE Operation — Microphonics
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Microphonics = detuning of the cavity
frequency due to mech. vibrations

LLRF-Controller (here analog) used to
counteract amplitude and phase error

By measuring the error signal of the
closed phase loop one gets phase
deviation (rms) seen by the beam

=JVAR =0.0433°

And with known loop gain K, the
disturbance variable of freq. detuning

BW
O ZTtan

(K, +1))=5.7Hz

Significant freq. parts identified by
calculation of PSD and integration

Microphonics is gradient independent

Residual phase error sufficient for

ELBE

concept E’-‘
Pt R

f“‘ -

VA [
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RF Operation — Cavity Tuner

stepping motor SRR

and gear box

DRIVING PARTS OF TUNING SYSTEM

ELECTR.MOTOR DRIVE lone-stage)
l LEVER DRIVE
e-motor harmonic shrinking offset
| drive (bellow coupling)
encoder ,' (gear) 7 left-hand right-hand
p 117 / // threaded screw threaded screw
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screw drive

tuner half-cell B © tuner TESLA-cells measured tuner values
200 Yo-cell TESLA cells
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L - T 7l
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e c
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RE Operation — In Situ Q, vs. E,, @ 2K

Q vs. E measurement is an important instrument to identify cavity contamination!
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1ES8

T X\X

=

m

©
|

] —x—after HPP (17.09.2008)
| —x—3years of operation (11.06.2010) _ -~

| = = Q,for P.=30W - x o

=}
5
=~
|
N
~
|

" S
Zom

—X=—reference curve (19.09.2007)
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(o3}
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12,I0M 16,IOM
peak electric field [V/m]

Summary:
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E E

acc

6.5 MV/m
8 MV/m

peak ONL AXis

175 MV/m
22 MV/m

CW
Pulsed RF

10

—_— e —

Formulas:
AT 4P
Eacc ~ I\/4P|2rsQL & QO :?IQL
d

* measured Q,is 10 times lower
than in vertical test

— cavity pollution during string
assembly?

e Maximum achievable field 1/3
of the design value 50 MV/m)

e Cavity performance limited by
FE & He consumption

Good News

* No Q degradation seen since 4
years of operation!

* Same performance of cavity
with or w/o cathode!
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[kV/m]

peak

MP Onset Level, E

MP was expected in the gap between cathode and
cavity at surface fields of 0.1-0.2 kV/m since the early

design stage!

So biasing of the cathode up to -7 kV was considered

the cathode design (el. isolated)

| T | T | T | T T
35004 | @ * cathode position: z= 0m
1| @ * cathode position: z =-0.6 mm
30004 | @ * cathode position: z = 0.6 mm
1] ® HardMP * Soft MP b
2500 - o o
1 (#040809Mo)
2000 - °
Multipacting
1500
9
4 ° a
1000 - 3 @
500 iﬁ
04

o0

no Multipacting

0

T T T T T T T
-1000  -2000 -3000  -4000
DC-Bias at Cathode, V__ [V]

T T
-5000

-6000

-7000

SN

(=) |
_0.05 \._”0 0.05

® During increase of RF field, a hard

MP barriers are observed,
depending on the bias voltage level,
the position and the used cathode

* MP characterized by high current (1

mA) measured at the high voltage
power supply

e Electron flash at view screens

Not possible to get above this level
not even in pulsed mode and 10kW!

The onset level is different for every single cathode and its position!

VA [
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RF Operation — Multipacting Suppression

* Rounding all edges to reduce field enhancement factor
e Anti multipacting grooves to suppress resonant conditions

iMeflkurven Arnold
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IM2_Gradient
80597
580
- Light blue: gradient
i Dark blue: multipacting current
430 i
801 in al "
e PEHUWMN[E P |0 [ @HE
::: Pr( \N?_Gri::i -
360
i 570 M
::2 grc 540 M:
R . .
=/ No processing seen during second ramp up
240 E04450
420
00
180 380
160 360
20 I -
:Es 04300
80 270
e 240
z; 20
oo< 00 180
09.11.09 17:27:13.323 P o
lKurve im Vordergrund STFL_INZ_RCO1_GRADIENT
120
90
B0
3n
00d 0o - 1~ LI
09.11.09 181517973 18.16:47.973 181817973 18:19.47.973 182117973 182247973 182417 973 |8.25‘47.973 1277973 182847973 AE30ATO7TIIN...
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e Coating with TiN to reduce secondary electron yield concent Wy e
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Cs, e Cathode - Preparation pPAS o

. . 09:30 10:00 10:30 11:00 11:30 12:00
Thickness monitor 1 ——— T 40
_ = . 124 #310309Mo
standard method on plug #18
10 H Q.E. — 300
—— Cs thickness a
8 ——Te thickness =
8
_— -{ 200 §
B:/ c
X
i | °
G 44 =
] 100
2
0 =10
: T ‘ T T T X T T
08:30 10:.00 10:30 11:00 11:30 12.00

Clocktime:

Inside the preparation chamber

* Cathodes mech. polished and cleaned with Ar*

* Heated to 120° C and evaporated with Cs and Te
(successive- or simultaneously)

¢  Online thickness and QE measurement
o After prep. also QE distribution scan
e  Vacuum requirement: ~10 mbar iy

f " =
A o P [
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Cs,Te Cathode - Operation VA

10

T T T T T T T T T T T 10
Requirements for Transfer:

* Load lock system with
<10 mbar to preserve

2009 Cs2Te cathode

—u—#200209Mo
—A— #200309Mo 6

QE 21 % 9 —e— #310309Mo(3 months in gun)]
0 —v— #040809Mo (3 months in gun)]
e Exchange w/o warm- O 4 el {4
. . into SRF gun
up & in short time and 1 B #310309Mo ~
low particle generation 2- '§ Mg E
01l 0
0
days
Cathode | Operation days | Q.E.in gun
#090508Mo 30 0.05%
#070708Mo 60 0.1%
#310309Mo 109 1.1%
#040809Mo 182 0.6%
#230709Mo 56 0.03%
= #250310Mo 427 1.0%
e fresh QE 15.5%, in gun 1%
o #090 o | From 2011-7-26 1.2%
e total beam time 1013 h 2

e extracted charge 35 C / DRESDEN »::‘ P =

I Mitglied der Helmholtz-Gemeinschaft




Beam Measurements A [

SRF-Gun Solenoid  LN- & LHe-Pipe Dogleg to ELBE Acc.

-

J

v
-—
¥

Laser Path Quadrupole Triplet  Dipole Magnet Diagnostic Beamline

diagnostics beamline designed and built by HZB (BESSY) Berlin

I Mitglied der Helmholtz-Gemeinschaft

Diagnostics Beamline

e Current & charge
(faraday-cup & ICTs)

e Transverse emittance (slit
mask, solenoid scan)

* Energy and AE (C-bent)

* Bunch length
(Cherenkov radiator and
streak camera or electro-
optical sampling)

Dogleg to ELBE
* Achromatic compen-
sated connection
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Beam Measurements — Partl

* Schottky scan for different laser pulse energies (15 ps FWHM,
& 3 mm flat top): — space charge limit ~300 pC (for 2-3 MeV)

* Energy and energy spread via 180° bending magnet
— 3.0 MeV (CW) and 4.0 MeV (pulsed RF)

Control panel of diagnostic beam line screen DVO4 (YAG)

= "‘0 0/% | =l \uadrup. IN2-MQ.01
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Steerer IN2-MSH.01 | Steerer IN2-MSH.02 § Steerer IN2-| MSH 03
+0.0 mA|F [ +537.0 mA|E & +0.0mA|E)

SRF-Gun

Solenoid IN2-ML.01 =l Lt
B oo s el e il path
+0. 0 mA -236. OmA L) +649.3mA +0.00 A IN2-DV.05 L 1N2-DV.05 = Wrloek .
- 2 & RERDY {2 = = . — Opt1Ca1 path

Ph.Cath.Laser

2 20.0%|E

Schottky scan energy and energy spread @ 5 pC energy spread

350 T 35 T—r—r— LA R T CRE 3 1T 7 I £ & 7 & 7 1
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Beam Measurements — Part2

“:ﬁp e +19mA

¢ Transverse emittance with solenoid and quad Scan
e slit mask not useable because design is for 9 MeV

e improved setup needed!
solenoid for /

emittance compensation
field precisely measured

18 " datafrom2008and 2009 -
| = O emitx, rms ) . |
6L ® O emity, rms With solenoid scan metho
= = O emix HWHM 2.7 mm laser spot, energy 2 MeV]
© 14 o O emity, HWHM .
€ , [——ASTRA, 2.8 mm spot 15 MV/m ]
€ ~[——ASTRA, 2.8 mm spot 18 MV/m
E. 10 L—— ASTRA, 5.2 mm spot 18 mV/m :
[} L
S sf !
] L
£ ot 1| » Good agreement with ASTRA
s L
c ‘T 7| ® measured normalized emittance
2 21 T 3+1 mm mrad @ 77 pC
oL — - .. .
eaxil  w o oweweal ¢ o ocaenedl w8 owoevand * Good enough for ELBE injection
1 10 100 1000
charge (pC) i & e
A o P [

J. Teichert, ERL2009, Ithaca, New York
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ELBE - Injection

ET2-DV.02

FL1-DV.01

ET2-DV.01

IN1-DV.03
LA1-DV.08

thermionic injector accelerator module 1 accelerator module 2

LA2-DV.02

dump
chicane
\\ cegles Browne Buechner ching 2
. // H spectrometer magnet E
il Kl i
SRF gun ELBE beamline
] Q
° 72}
B o diagnostic beam line
a
g
bunch charge [pC] . . . .
o 10 20 3 4 s 6 70 8 e TFirst ELBE Injection Febr. 5, 2010 using
10 U T T T ¥ T v T Y T T T T T T .
achromatic dogleg
SRF gun, elbe injection, transmission, 12.08.10 , 1
o - * Up to 60 pC with 100% transmission
T .| P E | ¢ Maximum bunch charge injected and
£ /.}/E" q accelerated in ELBE: 120 pC @ 50 kHz
e T 7 * Dogleg acceptance needs low AE
3 ‘ (correlated AE compensated by module 1)
2 -
iai B
0 i * . ' . * . ! . ' | I
: 2 “ 6 oo wn () e,
FC current [HA] s
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ELBE - Longitudinal phase space Part 1

energy imprint (0)

energy spread (1)

o
=

IN1-DV.0
CATOV.US

thermionic injector = wsgcelerator module 1

= [r—

- —dogleg

- 3

diagnostic beam line

solenoid
Fcup & screen o

general longitudinal beam ellipse
T — (Tll TlZ j
T Tn

general cavity transport matrix

\/TTI = o, ...rms bunch length (ps)
\JTy =0 ..rms energy spread (keV)

energy ga1n=VC 5 €08 (goc 5 )

¢, in reference to crest phase

. _( 1 OJ
“ — @0V, SIN(@,) 1

longitudinal beam ellipse at spectrometer:

T(1)=R,[T(O)R, >

ET2-DV.02

accelerator module 2

Browne Buechner
spectrometer

FL1-DV.01

LA2-DV.02

dump

rp(D=0p ()=

chicane
switching 5
magnet ?
i
| |
0] " /
\ _ 2 /
v Glong TN Tt T i
\'\\ :
) 3
s m /
L 7000- 1
(3] \\\ //
5 by '
. S
i :
T T T T
03 00 03
sinphi
from parabola fit
. . 2
7,,(0)|=2|7,,(0) M., sin(¢.,) +|7,,(0)|(V,, sin(g.,))
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Preliminary re

[
(=]

rms energy spread AE [keV]

- [ne] (53] = o
L=} L=1 o o (=]

P o

ELBE - Longitudinal phase space Part2

—

Browne Buechner spectrometer pictures (from SRF gun)

e Same energy spread measured as in the 180° bending magnet of the diagnostic beamline

o i e P s S S U i T
SRF gun longitudinal phase space measurement, 15 &16.10.2010 A
. EnF3MeV (CW) and 1.0 pC
®
)
"
- . . —
1 @
L e H 2 il
B 8
= I ‘ —
B BB spectrometer ELBE 15-16.10.2010 | -
L @ |N2 180° bending magnet 06.08.2010 |
R " PR [N SR T NN N SN S AN TR TN N 1
10 -5 0 5 10 15 20 25 30 35 40

laser phase [deg]

45

bunch length < [ps]

10

(=]

| SRF gun bunch length measurement 27.-29.03.11
L E, =4.0MeV(E,_=8MV/m pulsed)

. ’ : '
L 8 . o
L E I g i
L B Sigz10pC |
® Sigz50pC
3 1 B Sigz100pC 8
PR T S T ST SN (NN SN TN TN TN [N ST SN TN N TN SN TN SN N T
-10 0 10 20 30

laser phase [deg]

100

80

60

40

20

0

-20

-40

-60

-80 |

-100

— 1 1 T T T T
I 27.03.2011
8 MV/m pulsed, 4 MeV, 5 1
- laser phase| -
—-10°
- —0° 4
10°
— 20° -
—0
1 L 1 L 1 L 1 " 1 " 1
20 15 -0 -05 00 05 1.0 15
z [mm]

* Bunch compression in SRF-gun as expected from ASTRA simulation

e So far phase space measured at the exit of cavity 1 but projection to gun in progress

* Successful test of long. phase space measurement for future gun optimization
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ELBE — Slice Emittance by HZB

* Fixed energy imprint for correlation betw.

e ——— " e energy spread and long. bunch distribution
/
- VR N / e Spectrometer - longitudinal distribution
j’ A x y transferred to transverse distribution -
— — AHE;BD* longitudinal slices accessible
| e Combination with quadrupole scan
B ' technique allows to reconstruct the vertical
/EARD HZB.. ... emittance for each slice
S ——— Zentrum Berlin

Tool for future emittance compensation

Vertlcal phase space at Q2 D +18%) Slice Emittance?2 (0 1+187) 1
T T T T T T T
5I|c31
slice 2 . :
1 slice 3
slice 4 o
slice 5 -é-
= T '

g L R Rt .
= = | 5=
B g L= ] )
£ Oprrefereeesies 5 =
[a'R E o
- =] R N e I S

=] SR S u =

E ol fd

o

=

i J : ‘ ‘ ; (IR ohbitl ARt it | RRRRERER 15
T A R O N oot [
ST a5 a4 @5 @ 08 1 15 2 25 Emittance 5 — Beam Profile
0 L i
¥ (mm) A0 5 0 5 10 15

Long. Pos. in Bunch {ps)

J. Rudolph, et al., Slice-Emittance Measurements at ELBE / SRF-Injector, Dipac2011.
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ELBE — Thomson Backscattering (Laser Group) nadr

* Production of x-ray photons (some tens keV) in R
small-scale linear accelerators like ELBE [T

[
[ ]
* Head-on collision of <150 TW laser pulse and LrJT’E
20 - 30 MeV electron bunch of ELBE linac Al beamdump — | | |
CT 0
* Electrons are driven by the electric field of the =

laser pulse to an oscillatory motion (undulator) Pb shielding

e emit Doppler up-shifted radiation at an angular
frequency of w,=(10-20 keV)/h (for ELBE)

dipole magnet

——

N
TS T T4 \\g § !

Quadrupole triplet

Off-axis

parabola'ﬁ
(FI#=30)
I

-

T T TOT

from DRACO Iasv/\ vacuum
=1 chamber
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detector counts

15t setup ELBE linac with therm. injector than switch to
=6 MV/m, exit energy 2.85 MeV)

Switch to 10 Hz single bunch mode (10 pC, 24 MeV) and
optimized temporal overlap with laser

SRF-Gun (E

CdTe detector found same X-ray spectrum but lower

acc

photon yield than with therm. gun

15t Demonstration of the Reliability of the SRF-Gun

during an user experiment with critical needs in terms of
bunch phase stability and laser-bunch synchronization

20 T T T T T T T T T T T
| —— SRF Gun Spectrum |
~13 keV
15 - .
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04 LML
T T T T T T T
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Photon Energy [keV]
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e . e .~ magnetic
([ / i / " undulators
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electron energy [MeV]
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Summary -and Outlook

* Long lifetime of NC photo cathodes in SRF-Guns (>1 yr, total charge 35 C@ QE =1%)
* No Q degradation since 4 years (RF operation = 2500 h, beam time = 1400 h)
e Strong MP was defeated by DC Bias and Grooves
* First successful measurements using the ELBE accelerator
- Slice emittance measurements (J. Rudolph and HZB)
- Longitudinal phase space
- Inverse Compton backscattering (Laser Group at HZDR)
* But gun performance limited by low RF-field (E < 18MV/m and Q,<3x10°)
(so far a problem for all SRF-Guns!)

-
m
—_
N

‘§ ———————— rall tlestslwerelin";itedlby qluené.h
2 ]
Outlook 2012 3
o0 °°°°“°°°°°°°Oo ?
. . . g; 'Y ) o:oga @200 90 mmmn:q,:"; Q;“O 9 99,
¢ Installation of upgrade cavity built by Peter =~ £ TR A Ay o O %
; : TR0 saaudPes 000 _
Kneisel and the JLab guys to twice e AR L ——
L ° Processing of Multipacting
E>35MV/m and Energy to 6-7 MeV : :
@ FG Test# after first treatment, defects appeared ‘
° 1 9 FG Test#4 after grinding an re-treatment
13 MHZ laser upgrade and Start hlgh L @ FG Test#7 after 120°C annealing and re-treatment ‘
1 * LG Test#1 after first treatment, defects appeared
average Current Operatlon (1mA) 1E9 * LG Test#4 after cutting, grinding and rewelding | |

0 5 10 15 20 25 30 35 40
on-axis electric peak-field in TESLA cells [MV/m]
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Introduction - Cryostat Assembly

- connected to all perlpherals and diagnostics

S S J

Screen 1 L Screep 2 &
\ 1 slit masks

‘i\\ gk‘:”é_ >

o

developed & manufactured by BESSY Berlin [~
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RE Operation — Dark Current

An important issue in this context is the dark current

e Qperation at high fields . o
pere . gh 1 SRF Gun - Dark Current Measurement
especially in pulsed RF 2000 | - i
regime up to 22 MV/m can m without cathode 2011.04.05
increase beam energy to 4 ® cathode #250310Mo 2011.03.27 -
. ® cathode #060410Mo 2011.06.15 (CW) 5
E/I eV and reduce emittance, 1500 || m cathode #060410Mo 2011.06.16 " i
ut T ® cathode #09062011Mo, 2011.07.26 (CW) %

e Dark current increases to ;? B
HA level with mostly the © 1000 L - ]
same energy as the photo 3 &
current. E i . -

Current is measured in 7

e Most of the current comes 500 - Faraday cup 0.5 m in 3 i
from the cavity surface _ front of gun ]
and not from cathode | |-|

[ ]

e Dark current kicker needed 0 - -l—-u-ﬂ“ - | ' :
because too much for some 3 4 5 6 7 8 9
experiments e.g. inverse Gradient [MV/m]

Compton backscattering
Further investigations within German Gun-Cluster collaboration o
A o P [
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ELBE — Slice Emittance by HZB

fixed energy imprint energy spread

FL1-DV.01

CATOV.US
LAZ2-DV.02

thermicnic injector accelerator module 2

‘ udump
chicane

Browne chner switching

H spectrometer //ELEAR D magnet

vertical quadscan T OE———

HZB Helmholtz

Zentrum Berlin

- —dogleg

M

ET1-CB.01

SRF gun

diagnostic beam line
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X X
J. Rudolph, et al., Slice-Emittance Measurements at ELBE / SRF-Injector, Dipac2011.
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Cs, e Cathode - Summary

Issue

Demonstration for low average
current & low energy (3 MeV)

Remarks

stable QE>1 %

1% for > 1000 h beam time OK

test of cathodes with >5 %
reducing early QE drop

life time in gun

>1 year OK

pollution of SC
cavity

no Q, degradation or increased
field emission up to now OK

needs demonstration for
high current & gradient ?

extracted charge

~35C

36 C=1TmA*10h
360 C / cathode is minimum ?

dark current

~ 120 nA (for 3 MeV or 30 W
dissipated power)

needs demonstration for
high current & gradient ?

multipacting

shaping of the cathode stem OK

TiN coating planed ?

cathode cooling

<300 mW laser & low gradient

up to 1 mA not critical

OK
easy and quick cathode exchange needs <30 min | Vacuum improvements needed
exchange in cold gun OK for GaAs and Cs,KSb ?

N
DRESDEN ‘

ccccc pt ‘7)

VA [
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SUMMARY OF BEAM PARAMETERS A=

SRF Gun Parameter

’A | I
) rlldm

schaft
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