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Introduction into ELBE ) AR
Electron Linear accelerator with high Brilliance and low Emittance
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1,200 employees including 350
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- Introduction into ELBE gram

Electron Linear accelerator with high Brilliance and low Emittance

- electron accelerator is based on 4 superconducting
1.3 GHz 9-cell TESLA cavities driven in CW operation

- average current £ 1.6 mA, beam energy < 40 MeV, rep.
rate £ 13 MHz, bunch charge £ 77 pC for thermionic
gun and < 300 pC for SRF gun (currently at 100 kHz)

- 100 m long, 100 M£ investment, ~50 FTE
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- Typical beam time statistics (2018/2019) =20 ReEn

Detector

Neutrons

12% ELBE beam time usage 2018/19

Positrons
14%

Mid IR FEL: 5—45 um, <45 W, 13 MHz, 77 pC, 1 mA Operation statistics:
Far IR FEL: 30 — 250 um, < 65 W, 13 MHz, 77 pC, 1 mA Scheduled 6084 h

Used 5777 h
THz: 0.1 — 3 THz, ~ 4 w/pulse, 100 kHz, 200 pC, 20 pA

Availability 95%
Gamma: < 20 MeV, 10> 1/s-cm?, 13 MHz, 77 pC, 1 mA

/ P External users: ~70 %
Neutrons: < 10 MeV, 104 n/S'sz, 400 kHz, 77 pC, 30 pA 24/7 —real CW SRF operation
Positron: 0.5-30 keV, 5-10° 1/s, 1.6 MHz, 77 pC, 120 pA
Courtesy of P. Michel
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. The compact ELBE cryomodule A P

20 kW CW FPC Nb TESLA cavity LHe level meter
LN,-port o (cold part) tandem cavity
LN,-reservoir 77 K shielding support and LHe feed pipe
with level meter stainless steel big 2-phase alignmentsystem + resistive heater
vacuum vessel helium pipe titanium tank
| surrounded by
beam Al insulation
: Wl M super insu
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service
valve

MUMETALL®
(Vacuumschmelze)

membrane and
turbo pump

tandem cavity
support and
alignment system

L
mm B8

light and temperature

doorknob transition

and RF waveguides diagnostic for FPC
and vacuum windows
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- The compact ELBE cryomodule g A o P2

RF performance see talk

WETEB5 on Wednesday
///// Z 7 sidlidds, N . / %,
A NI /////% 857 / / %
| y / 7./ 7 ) /) / ///// //////, G S A } ?
e L=3.5m, W=1m, H=1.8 m, Weight: 1.5t ¥ /%
e 2 standard TESLA / XFEL cavities D )

e 2-phase He return pipe for max. mass
flow of ~4 g/s or max. heat load 80 W
* acc. voltage typ. 20-25 MV / module (CW) 2
* HOM coupler with sapphire feedthrough
* 20 kW CW Rossendorf type FPC (1.3 GHz)
bandwidth typ. 114 Hz |
e one magnetic shielding at 300 K : L i
e one 77 K intermediate shielding V% /. ,.////7////
e 2K static heat load <10 W

A
N

manufacturing in license by R
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. CWRF power amplifiers & 1) AR
2001 -2011  8kW klystron VKL7811St from CPI

2009 Bruker presented 1st 10 kW class AB solid state power amp.
based on 28V LDMOS-FET Transistors at the SRF2009 in Berlin
2010 Delivery of the 15t 10 kW SSPA to HZDR for testing on beam

2012 —today 10x 10 kW SSPA (2 per cavity), reliable and compact system
with high redundancy (5 LDMOS died no impact on beam
time, 2 times 4 h down time because of power supply failure)

Latest version by SigmaPhi
Electronics (former Bruker)

Ny * 15kW CW 1300MHz based
gl P o A on 6t gen. 50V LDMOS
= i =%  Bandwidth: +5MHz
5 | Biet * Small Signal Gain: 73dB typ.
e Operating Dynamic: >30dB
* Rise/ Fall Time: <100ns
* Harm. Rejection: 40dBc min.
* Noise Figure: 6dB typ.
* Spurious: 60dBc min.
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= W Issues or experiences with coupler windows "= N PeuR

We lost in total 4 warm waveguide windows within last 18 years:

* Jan. 2001: light discharge due to bad /unknown vacuum
-> coupler diagnostic added

* Nov. 2001: self-excitation of klystron (gain ~70dB), interlock
fired but no effect -> circulator added at the klystron input

* Feb. 2009: light discharge due too sensor mal function
-> automated sensor tests introduced

* May 2014: human error during maintenance work (RF
generator connected by mistake to SSPA input directly)
-> be aware, ,Murphy“ is almost everywhere!

In all cases we had luck because beamline vacuum not
broken and only warm coupler parts had to be repaired.
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. Diagnostics to protect the FPCs ) FeDn

FPC antenna tip

cavity

coax waveguide inner conductor with
: PT100 temp. sensor

inner conductor
interface to

/ cryomodule

outer conductor

ceramic windows
(cold window at 77K)

IR sensor
warm window

PT100

\ WR650 doorknob
temp. sensor

transition to coax

PMT for cold window

warm window

air cooling for
warm window

PMT for warm window

note: left picture taken from Rls MESA module description

ELBE Coupler Interlock for 20kW CW at 1.3 GHz per cavity

- 2 PMTs, 1 for cold an 1 for warm window (H5783 or H11901 from Hamamatsu)
- 1 vacuum gauge (Pfeiffer IKRO60) per FPC to monitor coupler vacuum

- 1R temp. sensor (Raytech) for warm window, cooled by fan-discharge duct

- 1 PT100 for inner conductor of the FPC, cold windows cooled by LN

CERAMIC

RF is switched off whenever a certain thresholds of at least one sensor is exceed.
Shutdown time <1 ms (limited by Siemens SPS, electronics and PMTs are faster).

L
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Diagnostics to protect the FPCs iy Meudn

ce

warm windows with
IR sensor and PMT
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- Resonant ring for high power CW RF component tests ", FA<R

NIM A 612 (2010) 427-437 . from
RESONANT RING Waveguide WR650 SSPA
PHASESHIFTER
(RING RESONANCE)
Sliding Short E
Q
3
Sliding Short TEST BENCH CONTROLLER 8
(LabWin Based) 3
3dB Coupler =
w E =
2 L 14
28 3 L5 &
|3 3 215 2 -50dB T
Y|z b 5 d a Directionel o
E s 4 w s Q Coupler @
S = z 5
. ] x s
i =
< Vacuum Exhauster |
= Pumpstand (Air Cooling) | =
Sensors WR650
< I(I;I:GQRRED sk f = = I Vacuum Chamber I i
3-STUB-TUNER
CUTOFF TUBE WG-WINDOW W1 WG-WINDOW W2 (Impedance Matching)

* traveling wave resonator based on WR650 waveguides, phase shifter for resonance tuning
e driven by a 10 kW SSPA, that is coupled into the ring via 10 dB WR650 directional coupler

* in astraight section we can introduce warm windows and FPC, 3-Stub-Tuner for matching

* Diagnostics based on temperatures, vacuum, arc discharges by PMT to switch off RF power
* max. gain w/o insertions ~20 (corr. 200 kW), with insertions ~10 - 100 kW CW for tests

Seite 18 Mitglied der Helmholtz-Gemeinschaft

Dr.-Ing. André Arnold | Institut fir Strahlenphysik | www.hzdr.de



.

< WP
- Resonant ring for high power CW RF component tests ", HZ=DR

RF - INPUT Vacuum - Port
(evacuated WG)

Directional Coupler

3-Stub-Tuner

RF - Windows
(to be tested

RESONANT RING

1.3 GHz (WR 650) Phase Shifter

* traveling wave resonator based on WR650 waveguides, phase shifter for resonance tuning
e driven by a 10 kW SSPA, that is coupled into the ring via 10 dB WR650 directional coupler
* in a straight section we can introduce warm windows and FPC, 3-Stub-Tuner for matching
* Diagnostics based on temperatures, vacuum, arc discharges by PMT to switch off RF power

* max. gain w/o insertions ~20 (corr. 200 kW), with insertions ~10 - 100 kW CW for tests
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i i () HZDR
Vertical tests of cavity R1 —R6, 20 yearsago ="~

2-phase He return

192

2260

pipe for max. mass
flow of ~4 g/s (80 W)

—HE—-R1, 03-MAY-99
—0—R2, 27-APR-99
—A—R3, 16-FEB-99
—Vv—R4, 29-APR-99

RS, 06-MAY-99
—4—R6, 20-MAY-99

— — 30 W of diss. power
24="9 ]
RN
_ 1E10 —e— g —
&/ ]
Ve
, [ target built by ACCEL (tc
- Research Instrum
1E9 1 L] ll L] L L] L] L] 1 L] L]
0 2 4 6 8 10 12 14 16 18 20 22 24
E,_[MV/m]
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P oncent g VA

Reality — cavity performance today o
From the very beginning all BN ' ' ' ' el iRl
cavities limited in the tunnel —e—C2=R2
by FE to about 50% of the 5 | IR
achieved field in vertical tests! | - -~ 30 W limit
) . =8 |
Suspects being discussed: 1E10 4 ° A e — ]
] o\ 0\0\“\0\‘, J
Q o
1. Particulate contamination 9 —o—_ \°f"5"/ o
——
during cleanroom and : T,\/?’itarget
beamline assembly? - ot
— Possible, but we are o
following DESY standards o 2 4 & & 10 12 14
in our ISO 4 cleanroom! E__ [MV/m]

acc

2. EPDM gate valves in the modules and in the entire accelerator are not hydrocarbon-free
- Possible, but we could not found hydrocarbons in the machine (anymore)!

3. Particulates contamination produced by movable beamline elements close to the cavity
in combination with transport mechanism that allows them to migrate into the cavities.
—> Partially proven by monitoring the cavity performance over the last years

More details have been discussed during TTC Meetings Milano 2018 and Vancouver 2019
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- High power (pulsed) RF processing (HPP) u) AEDR

e HPP donein a PLL regime to modulate an external RF generator to follow LF-detuning
* Constant RF power is stepwise increased up to 14-17 MV/m (depending on cavity)
 HPP stopped if reproducible thermal breakdown or high average helium consumption

* Field amplitude as well as vacuum, temp., dose and light sensors for analysis / protection

Tek Run | F i ] Getriggert
all magnets off - v
dutycyc|e20/600ms _l ______ ______ | ______ .................
RF power up to 20 kW By
: : : : : L : ] : : . Chi Mittel
T=2'3mS,BW~112HZ R WORIRL WHRCERRT e e LRI TR R R 310V
2t . S
B B S Ch3 Ampl
. I 630my
' ............................ ! .............................
| : : : _ : 1 Ch4 Ampl
.............. ° Ch1: Phase Set A o ...... ; 4.24 V
El; J CH2: Phase Meas
Chil“ 200V Chal S00myv  [HG.00ms A Ext F  200mv
Ch3| 500mV 1.00V 7 Aug 2017
v |—160.000us 21:39:51
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N =
- High power (pulsed) RF processing (HPP) u) AEDR

* HPP done in a PLL regime to modulate an external RF generator to follow LF-detuning
* Constant RF power is stepwise increased up to 14-17 MV/m (depending on cavity)
 HPP stopped if reproducible thermal breakdown or high average helium consumption

* Field amplitude as well as vacuum, temp., dose and light sensors for analysis / protection

all magnets off

duty cycle 20 / 600 ms
RF power up to 20 kW
T=2-3ms, BW~ 112 Hz

* training events are indicated by
randomly appearing field drops
at high fields or electrons cloud

* not all cavities show same
behavior, some benefit more
from HPP than others

Seite 23 Mitglied der Helmholtz-Gemeinschaft

Dr.-Ing. André Arnold | Institut fir Strahlenphysik | www.hzdr.de



| o WT—
DRESDEN T A =

Cavity degradation over time == 2
15 ) T T T T , ; T '
1| —e—C1=R1 @ 30w |2 . ]
| S-omesn N\ 7 N Vi
137 C3=R3 @ 30W ° / T —e | \o—f i
}| —o—c4=R4 @ 30W ) _
— 12 - \o -
S e HPP HPP
> 11 ° ry o 1
2 \ /\) / 0\0 -9
o 105 ——o T\ ! HPP\O N\ . L/HPF\ u HPP
= ol _ ~o— 3—3 ~No— g—
9- /o o\o/,\o e ~o\°_g/ 0—0__1 o 3— ]
1@
g \ i
HPP HPP HPP
! I ' ' T T
2015 2016 2017 date 2018 2019 2020

* Evaluation of the max. usable acc. gradient for dissipated power of 30 W (each)
* Frequent HPP needed to recover cavity to its initial performance - no miracles
e Continuous degradation of all cavities over time in btw. HPP

* No improvement by complete therm. cycle done once a year (maintenance)
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- SRF Gun development at HZDR ) FAeoR
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1 1 1 H - DRESDEN VL‘ A
- Historical overview - Pioneering work at HZDR "' —<unR

History == - PHOTOCATHODE

— PREPARATION-
first proposal H. Piel et al., 10th FEL conf. Jerusalem, 1988 CHAMBER

. BATH CRYOSTAT

first experiments A. Michalke, PhD thesis, univ. Wuppertal, 1992

first electron beam D. Janssen et al., NIM A, Vol. 507 (2003) 314

. PHOTOCATHODE

first LINAC acceleration R. Xiang, et al., Proc. of IPAC’10, Japan, 2010 - RE-ENTRANT

CAVITY

first lasing of IR FEL J. Teichert, et al., NIM A, Vol. 743 (2014) 114

MOVABLE SLITS

(friendly) user operation Hassan A. Hafez, et al., Nature Vol. 561, 507-

for THz and neutron users 511 (2018) \ STREAK

\CAMERA

__ rocusmg
CJELEMENTS  ° BEAM
- DUMP

SPECTROMETER  wiRE SOMNNER
\I\F”wﬂ'— ) MONITORS.

1) Drossel (half cell cavity) 2 SRF gun | (3.5 cell cavity) 3 SRF gun Il (3.5 cell cavity)

Nd : ¥YAG \

\
________________ 3
|
|
TRANSFORMER |
|
CERAMIC |
<4—Beamline Preparation Chamber — . |
‘O PHOTOLATHODE |
|
Cavity: Niobium % cell, TESLA 1.3 GHz Y :
Cathode: Cs,Te (262 nm, 1 W laser) LSy I
|

thermally isolated, LN, cooled
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= Design of the ELBE SRF gun Il A e

He port liquid N,

He vessel )
cathode alignment

cathode cooling

W
[
L
=3
™
>
=3
a
A R
-
-
!
:

7/ |

7

cathode
-
-
main coupler 3%-cell cavity
H=09m
=0.7m
designed for £,;,=9.5 MeV and /,,¢,,.=1 MA
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= Design of the ELBE SRF gun Il

hook HOM loads
+ coaxial main coupler

electron beam
MeV, mA, kW

few watt
UV laser

Seite 29

SC solenoid by Niowave (2K)
B =449 mT @ 10 A

z,max

Remote controlled xy-table (77 K)

Cs,Te, Cu, GaAs, Mg cathodes
cathode cooling by LN to 77 K
cathode transfer into the cold gun
therm. and electrical isolation

DC bias up to 7 kV to suppress MP
moveable (0.6 mm) by remote
stepper for best RF focusing

.

sz ) HZzoR
R

up to nC e~ bunch

Cathode: Cu, Cs,Te, GaAs

SC elliptical
Nb cavity

cathode tip
(photoactive layer)
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= Cavity and gun performance e Pedn

peak electric field (on-axis, full cell), E, [MV/m]

—Q

bunch charge

LI e
©
/
&
A
©
\
\
\
\
\
\
\
\
\
\
\

transv. emittance

.\'O ° a

0.0 52 104 15.6 20.8 26.0 31.2 36.4
§ : B Lo : SRF gun gradient
£ o0 Tt —— E. cathode field
§ \,TO\ \0\0 ]
Q
2
=

L ——0-a—o_| i d
. - energy sprea
! 0—0—aa, | - SRF gun No1------------—--mm-mm
10° E L —o— baselir?e meas. (Cu cath., 09/17/2008) micro pUISe rate
r % 9- —@— operational meas. (Cs,Te cath., 02/15/2013)
i B N B SRF gUN NO2-rw-rmsmromemsrmeneeee beam current (CW)
i 7 —o— last vert. reference (09/19/2013)
s —a— baseline meas. (Cu cath., 08/13/2014) laser pulse Iength
i e —o— operational meas. (Mg cath., 02/15/2019)
\ / - - - 30 Wimit_ | | dark current
10 T T T T T T T T T T T T
0.0 2.0M 4.0M 6.0M 8.0M 10.0M 12.0M 14.0M
accelerating field, E__[V/m]
1 T T T T T 6 T X T & T X T 200 1 L ) J ) J ) ! ! i j L j ! ) !
o] Phasescan SRF Gun Il with Mg #216 - 500 Energy and energy spread
RF=7 MV/m, DC=-5kV, : 89 Transverse emittance 7
SRF gun Il with Mg cathode .
UV laser 100kHz, macropulse (1:8) RF 8.0 MV/m. DC -5 KV SRF gun Il with Mg cathode
51 2018.6.22 = - 400 1 : g S5 150 15- laser 100kHz, 1 mm aperture .
o -~ n . 110 pC, 100 kHz = ’
__ 4 Laser power on table _.-"" -l""--'.\\ g < 2 E,,l { |
R R 130 B e O\ > 3 !
Qg | —mssmw - ‘\\: = T 110 8§ 38
37 —=—32mw u \ £ 3 S 2 o4 i
o Ly s 2 & 8
£ 1 = 1smw g ‘.-_.d—_-l-_\F q20 £ 9 ] 5 2
—'2 c ¢ ¢ W 6 1
) . 1™ s i
i I —...& - 100 —— 8% | ] L = 8MV/m, 2.1 ps (2017) ]
-.‘,.—- \-' 2 3 -!‘ ® 8MV/m,2.1ps (2017) T
o-J 'L Jo 1 —=—energy measured —e— energy spread measured | o A 7_MV/m_, 7 ps (2016)
. energy simulated energy spread simulated 0 = simulation i
30 0 30 60 o 120 0 20 40 60 80 100 0 5 100 150 200 250 300 350
Laser-Phase (deg.) lase phase (degree) bunch charge (pC)
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- Photocathodes | \ el ) AR

Cs,Te for high average current Mg cathodes for low average current

* highQE up to 12%, 1-2% in gun * low QE of 0.1-0.3 % (fresh and in gun)

* complex preparation based on INFN recipe * relatively simple cathode “cleaning” by
(deposition of 10 nm Te + Cs activation) in melting surface to remove MgO with our
special UHV chambers (3x101° mbar) focused UV cathode laser (2 W/mm?2)

* special cathode preparation lab in a certain * repeated cleaning for same cathode right
distance to the gun needed next to the gun in transport chamber

* high vacuum requirement 10-1° mbar * moderate vacuum requirement 10° mbar

* high risk of cavity contamination * low risk of cavity contamination

Cathode Days I Charge (0] 3
#090508Mo 30 <1C 0.05%

Cathode Time Q, / low QE

Mg 201 Mar. 16 - 200 pC/ 0.2%
Aug. 16 20 pA

- Mg 207 Nov.16—-  80pC/ 0.1%
fresh QE 8.5%, in gun 0.6% Dec. 16 8 nA
e total beam time 600 h
WZEICEVEEY o extracted charge 264 C

#250210Mo Max. CW beam current: 400 pA
#090611Mo 65 <1C 1.2%
#300311Mo 76 2C 0%

#070708Mo 60 0.1%
#310309Mo
#040809Mr,

Mg 207 Mar.17—-  150pC/ 0.2%
May 17 15 pA

Mg 214  Aug.17- 300 pC/ 0.3%
Jun. 18 30 pA

Mg 216  Jun. 18 — 300 pC/ 0.2%
now 30 A

#170412Mo 447 264 C ~0.6%
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. I : . DRESDEN VL‘ HZDR
Routine THz user beam time since 2018 SN

acceleration energy compression  undulator
on-crest correlation radiation

I I Quadrupole horiz. focusing / defacusing i

<]
gz
wd g
Dipole o 22z
g g 93 83 3 8§ 8 3 388 882"
- D9 ~ p=J o 3 ! d 3 - ) - 5 \
g sotenoic 88 2 g3 8% 2 g § 2 dg gg 2 &€ 2 8 dgg g zF
o 2 2  accelerator module 1 2 23 &2 & acceleratormodule 2 3 5 =2 =22 =232 2 =2 = = Z3 3 a
D - D e - & A& T
| screen tvac, oTR) E zZz c1 c2 3 == 3 3 c3 ca s £ £ FEE EE E E E E EEF =
5 2
=388 3 3
£¢¢ 3 - g5 g8 g g g g
SRF gun 333 s ggg &8 g5 33 ¢ g2 2 z
2z 2 S = dgd gg gg =z = o = & undulator U300
£ = g & EE B z3 EIC I £ £ =
8 E - < < < F =
gz 2 i zz iz S5 3
“‘E’ g 2 538 Ss 33 THz THz
3 == chicane 2 . .
3 g & diffraction undulator
=z = radiation radiation
Faraday cup 2

higher bunch charge (200 pC)

ETHgNF((U; UZ)NZ |<

1200 —————————————

shorter bunch length (~100 fs)

1000 | ® 250 pC, 2019 -

46,000000

——————— [Cumint 1 i
100 kHz | s TELBE first run “19 ",

3 1W@0.3THz '

E. 800} @ . ) &L

o m 200 pC, 2018 44,000000 / ,/

g m 200 pC, 2019 T O Y4 extracted charge
600 i : i

§- | % é 42,000000 4 PSS ///f/ﬁ/ . .

T " ' . problem / ca. 200 h beam time in CW

F 400 - " " . 11000000 3 /

I: L] i v no break due to gun problems
200 +

u" thermionic injector - 70 pC i 25000000 10 Ccha rge extracted

28.000000

T T T T T T T
o [} L [ ] [ ] [ ] ) 1 D 01:00:00 01:00:00 01:00:00 01:00:00 01:00:00 02:00:00 02:00:00 02:00:00
.’ [ J 9 17.03.2019 20.02.2019 23.02.2019 26.02.2019 29.02.2019 01.04.2019 04.04.2019 07.04.2019

In 2019: 30 non-stop 12 h shifts for external users + 8 MD shifts (20% of total beam time)
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wee ) HZDR

Summary o et

18 year’s experience of CW SRF with 6 TESLA cavities at 2K

100.000 hours SRF operation and 100.000 C acc. charge (~30 Ah)

Lot of lessons to learn because of issues with high RF and high beam power
— Be aware Murphy is almost everywhere, but helps to find proper diagnostic!

SSPA (100 kW installed) worked reliable and with high redundancy last 7 years
ELBE module has still a to date performance and it is very compact and robust
From the beginning all cavities in the tunnel limited by FE to about 10 MV/m

Continuous degradation of all cavities, frequent HPP needed to recover cavity

Since 2002 HZDR is doing pioneering work on SRF gun development

We gained enough experience for routine user operation at 200 pC @ 100 kHz
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