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INTRODUCTION - Radiation Source ELBE & SRF Gun A =

ELBE User Facility

. - . . (B ]
thermionic injector [ INFRARED
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0...20 MeV 10-100keV | 0.2 - 30 keV
SRF gun o /
New applications require PENELOPE
hi 15 PW LASER
-high bunch charges (1 nC)

-ultra short bunches (< 500 fs)
-low transverse emittance (1 mm mrad)

Accelerator Research an Development at ELBE:

Superconducting RF Photoelectron Injector
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INTRODUCTION - SRF gun for the ELBE CW Accelerator

Application

*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 neutron and
positron beam production (ToF experiments)

*low emittance, medium charge (100 pC) with short pulses for THz-
radiation and x-rays by inverse Compton backscattering

Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR

Design
medium average current:

1-2mA (<10 mA)
high rep-rate:

500 kHz, 13 MHz and higher
low and high bunch charge:

80pC-1nC
low transverse emittance:

1 -3 mm mrad
high energy:

<9 MeV, 3’ cells (stand alone)

highly compatible with ELBE cryomodule
(LLRF, high power RF, RF couplers, etc.)
LN2-cooled, exchangeable high-QE photo
cathode

#" | I
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SRF GUN CAVITY e |

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

S

1E10 T T T T T T T
1| B _ 55 Q, degradation possibly 1
E.cc due to cathode exchange;
o |
S
3)
£ _
:? - = -
‘© 1E9 - 4
< ]
o
% —Q@—reference curve (Sep.19, 2007)
£ —@—after HPP (Sep. 17, 2008) (®
= —O— after 4 years of operation (May 27, 2011)
= () pulsed RF mode (Mar 27, 2011)
—Q— after several cathode tests (Dez 05, 2011)
—Q@— last measurement (Feb 15, 2013) 1
— —Q,forP,_ =30 W o
1E8 T 4 T T T T T
5.0M 10.0M 15.0M 20.0M
peak electric field [V/m]
Summary:
E.. Epeak on Axis E...
CW 6.5 MV/m 17.5 MV/m 3.3 MeV
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Pulsed RF 8 MV/m

22 MV/m 4.0 MeV

Formulas:

AI1] 4P
acc ~ TN 4P| 2rsQL & QO = _IQL
L P,

Good News

No Q degradation during the
first 4 years of operation!

Small improvement after HPP
(but canceled by thermal cycle)

Bad News

measured Q, is 10 times lower
than in vertical test

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

Cavity performance limited by
FE & He consumption (>30 W)

performance loss 1 %2 years ago,
due to cathode exchanges ?

———
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Cs,Te PHOTOCATHODES A =

Inside preparation chamber

Thic:!;cness monitor 1

=

positioning & @10 mm Cs,Te

.+ thermal contact

-'-L-ﬂ-l! .:-'-_' \
|

Cathode body & plug . /4

Evaporators

- L ]
i /

=4 -1’ |
Thickness monitor 2 [ Mask & Anode § 1

« 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
«  After prep. also QE distribution scan
«  Vacuum requirement: ~10° mbar
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Cs,Te PHOTOCATHODES A =

Excellent lifetime of Cs2Te PC in SRF gun

Requirements for Transfer:

* Load lock system with < 10-°
mbar to preserve QE 21 %

 Exchange w/o warm-up & in
short time and low particle
generation

positioning & £10 mm Cs,Te

problems: multipacting, QE drop-down during storage

Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR

-+ thermal contact
Cathode Operation days E:ltf::;zd Q.E. in gun

#090508Mo 30 <1C 0.05%
#070708Mo 60 <1C 0.1%
#310309Mo 109 <1C 1.1%
#040809Mo 182 <1C 0.6%
#230709Mo 56 <1C 0.03%
#250310Mo 427 35C 1.0%
#090611Mo 65 <1C 1.2%

+ total beam time 600 h

+ extracted charge 265 C #500311Mo 76 2C L0 %
#170412Mo | From 12.05.2012 265 C ~0.6 %

01.08.2013

#“ | [ & |
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Cs,Te PHOTOCATHODE - MULTIPACTING

LN, tank choke pickup

cathode cooler
+ coaxial filter

Cs,Te cathode choke filter  cavity

e MP was expected since the early days of the cavity design!

* And indeed it appeared at low field (<1 MV/m) for every Cs,Te
cathode

* Characterized by high current (>1 mA, rectified) at the cathode and
electron flash at view screens

* Biasing of the electrically isolated cathode up to -7 kV usually works
(voltage is different for every cathode and position!)

e Anti multipacting grooves to suppress resonant conditions and
coating with TiN to reduce secondary electron yield doesn’t work for
Cs,Te coated cathodes — because of too high SEV due to Cs
pollution?
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TWO-CHANNEL UV LASER A =

UV Laser system developed by MBI:
Large flexibility in repetition rate and time structure (burst)
Conversion to the UV (A ~ 260 nm) at ~ 1 W power
Synchronisation with RF of the linac + full remote control of the laser

Different repetition rates + different pulse durations:
a) 13 MHz: 3 ps FWHM Gaussian b) 100/250/500 kHz: 12 ... 15 ps FWHM Gaussian

Power supply Power Power
+ temperature controller supply supply Power supply
-> oscillator pump diode i T i i T i
pump| |[pump]| fiber amplifier pump | [pump | [pump] [pump ilantiosidgl
diode | || diode | i sretcher diode | | diode | | diode | | diode T
°°""‘i:: signal and compressor 13 MHz 0 0 13 MHz[1030 nm 258 nm
{to csclioscope} photo > f=13 MHz > { —
Laser-RF diodes Y- = = A\ | to gun:
syne [~7os D H> O “H Pockels i goen Guv | 13 MHz
unit Ly SAM 1 0 call |7 ) - -
"switch-out" 5 =
o I 1 “ Psockzl;z::ll f=500 kHz | N — = 1030 nm 258 nm
5 5 |°F Né:Glass ' . 500 KHz i [
gl Hode e | 500 kHz — > |500kH: a a to gun:
N " Pulse Pockels cell ii green Ouv | 500 kHz
= salectol - . ||—ﬂ—l muitipass
Uout [Uout ) S ?3 MH; aMAz | e regenerative - D a:;l lifier wavelength
ia] i laser oscillator sokiz|  amplifier |50z b Cl L converter
500 kHz
1300 MHz 13 MHz "switch-out"  “switch-in" alternative ola to
programmable del del w
52 MHz |_ delay unit A u__.se1azyns u...5e1azyns g o B 17 m: o
13 MHz pegannabe 100... 500 kHz (Bu:m'd":m&n A
Important
- 13 MHz allow to demonstrate high-current operation of the gun ,, ™ Mz

- Parameters fullfil the requirements for user operation at ELBE




TWO-CHANNEL UV LASER

rﬂ"

Fiber amplifier

Multipass amplifier developed by

% ‘M“a‘_x-‘Born-Institut

‘ v ) rHeom
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SRF GUN OPERATION

ELBE Superconducting RF Photoinjector
* New Injector for the ELBE SC Linac
* Test Bench for SRF Gun R&D

RF generalors nuclear o \d
spRCioscopy 4o p®

acceldrator

elacirpnics aparnimant

control -— [

|Diagnostic beamline

radiation physics

1: Time resolved semiconductor spectroscopy, THz-speciroscopy 4: FTIR, biological IR experiment

2: Famtosecond laser, THz-spectroscopy, IR pump-probe experment 5: Near field and pump-probe R experiment
3: Diagnostic station, IR-imaging and biclogical IR experiment 6: Radiochemistry and sum frequency generation axperimeant,

phatothermal beam deflection spectroscopy

#" | I
I A
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Solenoid INZ-ML.O1
25.515 A Steerer IN2-MSV.01 [l Steerer IN2-MSV.02 [l Steerer IN2Z-MSV.03
-236.0 mA |[Z]| (O] +649.3 mA

BEAM CHARACTERIZATION

M- UB.UL [EUE]

Temp. IN2-CB.01

INZ-CB.01

B.Curr. IN2-CB.01
+0.00| MA
INZ2- DV.06
Lamp IN2-DV.06
0 0.0%
Ph.Cath.Laser

]
O

° EEXDIN=

Dipol Corr. IN2-MDC.02

@  +z58mA ]

Steerer IN2-MSH.04
1668.0mA

Steerer IN2-MSV.04)

1372.0mA

Steerer IN2-MSH.08|
] +0.0mAlE]

Steerer IN2-MSV.05

) _+0.0mal]

INZ-DF.01

B.Curr. IN2-DF.01
0.002 HA

[Ama] [

Steerer IN2-MSH.01 | Steerer IN2-MSH.02

Steerer IN2-MSH.03
+537.0mA I | IN2- CB.02

=l

. IN2- DE.05 I]
INZ2- ICT3
IN2-DV.05

Lamp IN2-DV.05
@ READY

=2 20.0[%]

B.Curr. IN2-CB.0Z2
+0.00| pA

Designed and built by HZB

Faraday cup: current, bunch charge, dark current
five screen stations with YAGs and OTRs

180° bending magnet: energy and energy spread
transverse emittance: solenoid, quadrupoles, slit mask
Cerenkov radiation station: bunch length

Integrated current transformer (ICT): current, stability
Beam loss monitors

#" | I
e () e
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BEAM CHARACTERIZATION

NEW: Emittance Measurements with Single Slit Scan

45
mavable slnt mask . YAG
initial beam screen
6 % 2
beamlet SR i
. (emittance domlnated} \ - Enrme = 2.04 m+m m *Ilﬂ B
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phase ‘i . scan and e =00 ! 3
[ . P | |
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¢ 't* CCD camera S o040
N S 040
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BEAM INJECTION IN ELBE

/i
i

. 4 *‘3‘ -

Dogleg to
ELBE

f;f

! a - - : : =~
- S &“

.....

A =

# | [ & |
w el r1adr
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INJECTION IN ELBE & SLICE EMITTANCE MEASUREMENT

spectromeater screen

M
s v y y v ¥
\ /
\x__ ! 4
quad strength

bunch passes cavity at zero-crossing of RF

v

Vmax . |.——.

quadrupole for
quad scan

/

el A AN

i

J. Rudolph, et al.,

Dipac2011
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*

chirped bunch

yp (mrad)

spectrometer screen

J. Rudolph, T. Kamps, HZB

//‘El—J_C\AR D HZB Helmholtz

. ."“*H_____‘__.___..-"'/ . 7emL|L:mRe|m
Fixed energy imprint for correlation betw.

energy spread and long. bunch distribution

Spectrometer - longitudinal distribution
transferred to transverse distribution

Combination with quadrupole scan

Tool for future emittance compensation

Slice Emittance2 (0°/+18°
Vertlcal phase space at Q2 (0°/+18°) 1g1o ( ) ’(375”
e j ' ‘ ~3 MeV 10 C
sl|c91 | ' ' ' ' ‘ p
slice 2 i
1 slice 3 b | 13
slice 4 : _ 14
slice 5 £
) : B 12
i i = =
: : 2 . B 25 o
i : £ 08 4 £
i : o b L g
L : E o6 '
i i S
H H =z
Y — ‘ 04f : 15
0z S |- —— R | S — -
15 i | | 1 i 1 I i EEmntance Eeam Profile
25 2 45 1 05 0 05 15 2 25 0 L 1 |
10 5 0 5 10 15

Long. Pos. in Bunch {ps) I
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INJECTION IN ELBE & LONGITUDINAL PHASE SPACE <

» Method of measurement: phase scan technique using the second ELBE-¢avity

C2 phase variation / energy spectrum i

FL1-DWV.01

ET2-DV.02 Q

Z-DV . |

%/‘ dogleg \—/ v chicane
\ Browne Buechner

‘, = ° pedm meter \

thermionic injector

accelerapdr module accelerator module 2

IN1-DV.G2

IN1-DV.03
LA2-DV.02

mm
~< M

SRF gun

solenoid

diagnostic beam line

cup & screen

IongitudLiLnaI beam ellipse
\/T_n = o, rms bunch length (ps)
= [711 z'12)

T Tp

J72 = o rms energy spread (keV)

cavity transport matrix y

( 1 oj cavity energy boost : =

Re, = . " 5
“ — eV, SIN(Pe,) 1 VC 2 COS((pC 2)

dEZ [o'v™2]
:

from parabola fit

T(l):RCZT(O)Rgz //Z N " :

0 (1) = 75,(0) — 273, (O, SIN(@c,) + 73, (O Ve, SIN(2c5))? 16 - ) ) t
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INJECTION IN ELBE & LONGITUDINAL PHASE SPACE

Browne Buechner spectrometer pictures

80

10 =

— T 100

A N O S S L N S S T — T T T T T 7 — T T T T T T
SRF gun longitudinal phase space measurement, 15 &16.10.2010 i 7 F27.03.2011
a5 b i ol ERE guonht;uscr;zlen_g;h h;n\zasurelmzntzr 20.03.11 80 |-8 MV/m pulsed, 4 MeV, 5 ]
L Ekin = 3 MeV (CW) and 10 pc ] § F e ¢ ( acc m pulse ) F
| | — - - -
S 60l | 60
z | = B[ rms laser pulse length ' i T
W 50 - ] 5 b af TIDEERER R l el ] - il
S| . widi 1 20 / / .
o 0 u " " i £ 5 . \ ] o
5ot ] 2N § ‘ P
§ £ S A ; H - & ] o ] 20 - e 4
e F (] g 3L il 4 40 | laser phase| -
o w0} ' g 2 7 ﬁ a " R, T — pe
E t ® BB specirometer ELBE 15-16.10.2010 | - 2} B Sigz10pC . 60 |- S 4
10 ® N2 180° bending magnet 06.08.2010 | ; 3 m Sigz50pC | 10°
- - 8 Sigz100pC = 80 | . —20° 4
0 - | 1 ] 1 ] ] ] 1 1 I o ” i @ eXIt Of C1 —gg"
: * * * * : : : : : : 0 PN T S S S T S S T " L 1 L 1 L 1 L L 1 " 1 " 1 L
05 0 5 10 15 20 2 30 % 0 % -10 0 10 20 30 10(32 0 15 10 -05 00 05 10 15 20
laser phase [deg] laser phase [deg] z [mm]
« Same energy spread measured as in the 180° magnet of the diagnostic beamline
* Bunch compression in SRF-gun as expected from ASTRA simulation
[}

Successful test of long. phase space measurement for future gun optimization

# [ I
o ) HEDR
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INJECTION IN ELBE & LONGITUDINAL BEAM PROFILE

i 1
proposed by Ricci, Crosson & dipole magnet — <E>
Smith (Stanford Univ.) and screen _\_r/\’v\\ <E?>
':> ':> Nucl. Instr. Meth. A445(2000)333 are the y E
e PhyS Rev. STAB 3(2000)032801 s ectrometer FELs
irl;l;el;:ral|01l cetrometer p e?‘

4x~ 0=AE/E

r module 2 : X ,

thermionic injector acceleratyr module 1

N |N1-DV.02

<

H& spectrometer mlgm; ) g
3 ) \ ‘ E
§ %’ diagnostic bearf line 5_AE/E
: O=AE/E B
0=AE/E O0=AE/E
: D>, = M

l
gun creates

bunches with
(small) _ _ _
correlated AE in I-direction

C1 corrects chicane shears

C3 produces
correlated AE the bunch

correlated AE

# | [ |
e ) r1adr
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INJECTION IN ELBE & LONGITUDINAL BEAM PROFILE

1
Res

0
Ree

0 1

B Rse
RseRes + Ree

(

(5)= e

AE,

E;

time (position in bunch)
is uniquely
transformed into energy
and later into position in a
spectrometer
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03 = Rgsly + (RseRes + Res) 01

\

initial energy spread
removed by "

)
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bit image8 (429,354)

dq/d

221

ROlx-size ROIy-size
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1, =1.8 ps
5
Longitudinal bunch prlofile measurement I
| E,...= 15MV/m, 13 MHz CW | |

4r Gaussian laser 7
E 1.3 ps rms pulse length
_b'_ 1 mm rms spot size _
s 3 ASTRA .
2 m  measurement 25.06.13
o
L
2 2f % .
2 i -
£ et
= 1L /// |

0 | | ’u...

0.1 1 10 , b D R
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First FEL Operation with SRF Photo Gun at ELBE

E., at gun exit 3.3 MeV

ELBE infrared FEL (20 — 250 um)

FEL 2

Micro pulse repetition rate 13 MHz

Macro pulse repetition rate / length 1.25Hz/2ms

Beam energy at FEL 27.9 MeV

FL2-DV.10

Undulator U100
/ dump

Bunch charge / beam current 20 pC /260 pA

Photo cathode Cs,Te

RMS bunch length 1.6 ps

Normal. RMS emittance 1 mm mrad

thermionic injector

FL1-DV.01

C1 Cc2

ET2-DV.02 @

ET2-DV.01 X/

Cc3 Cc4

LA1-DV.08

a
8
>
g
£

IN1-DV.02

accelerator module 1

accelerator module 2

first lasing

optimized

—m THz, neutrons, CBS

SRF gun

solenoid

Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR

chicane

April 11, 2013

Yy -a—dogleg
= A = magnet A radiation physics
\ n)
=
Q
5
2]
o3 diagnostic beam line b H It
5 stabilty
s T T T T T T T 800 T T T T 1.0 T T T
SRF gun 11.04.2013, U100, E = 27.9 MeV SRF gun 11.04.2013, E = 27.9 MeV, 46.2 mm gap SRF gun 11.04.2013, E = 37.9 MeV, » = 49 ym
3k i 700 | i
M 5 = — 0.8 | o
[ ] S 600 |- . 3= 48 ym R =
[ | N E iy E
‘ ”I“‘ T 500 |- rom K] -
| | | 46.2 mm gap S | -~ T -
= 2t | \I 50.8 mm gap [ b %’ | "\ ? °° ’ :
] [ [ 5 400 . L. 1 S
— 1 w | N (2]
= | . 2 LN 2
=2 I [ @ 300 | ‘ ' i 8 oal ]
® | [ 2 f S o
1} [ {1 . g 200 | I‘ . 8
3
I "o F g ‘ e S o2t -
iJ \ | [ = 100 | I\. E z
_Jf ‘\k S ”“‘I LI V\‘“\_, — 0 ._.l ‘.\.\I—. .
0 | . R L L 1 . | . ) | 0.0 lm. L L !
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H | I
FEL spectra FEL detuning curve onesoen € )
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NEW SRF GUN WITH HIGH ACCELERATION GRADIENT A =

RRR 300
Nb cavity

large grain

Main aim: approach the design value of E ;=50 MV/m: Nb cavity

e Fabrication of two new cavities in collaboration with JLab
(fabrication, treatment, test by P. Kneisel and co-workers)

e Slightly modification compared to old design to:
* Lower Lorentz force detuning, microphonics and
pressure sensitivity
e Improve cleaning and simplify clean room assembly

additional half-cell
stiffening (light green)

modified choke-cell
pick-up flange

— larger cathode boring

Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR Mitglied der Helmholtz-Gemeinschai



NEW SRF GUN WITH HIGH ACCELERATION GRADIENT

Test#1 (Oct 13, 2010) after first treatm ent, de fects appeared

Test#4 (May 3, 2011) after mech. grinding an re-tre atment
Test#9 (Feb 13, 2012) after helium vessel welding
Test#12 (May 15, 2013) after helium vessel leak fixing
Test#13 (May 23, 2013) after HPR retreatment

—— QO limit corresponding to a refrigerator power of 30 W

1 ?@W&w% &.‘8%‘0 R 1

10"°4 .)39 =
(00 ® oY ) P

- N

Qo ]

00CCC

quality factor, Q,

:

o /q“% corresponding to a
, | existing SRF gun @ beam energy of 8§ MeV
10 L] v - ' v v v
0.0 10.0M 20.0M 30.0M 40.0M 50.0M

Epk [V/Im]

-
Mitglied der Helmholtz-Gemeinschaft



NEW SRF GUN WITH HIGH ACCELERATION GRADIENT A =

IR TESLA cell tuner | _H,,L 7 F i~ . )
— oy - g —  —
; - -
r .

| —
main coupler ‘o

o =
o
— P
= } &

.
!

T

Design for the new cryomodule with
» SC solenoid (2 K)
Hall probe Niowave Inc. (NPS, HZB)
» remote controlled xy-table for
alignment (77 K)

Quite recently:
' Cryomodule cooldown 77 K & 4.5 K, w/o cavity
8 SC solenoid reaches spec: 10 A,04 T
f.," - - - =
n ) e

Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR Mitglied der Helmholtz-Gemeinschaft




SUMMARY A =

CAVITY

*Low acceleration gradient ( 40 % of design value ) due to field emission since
commissioning

*No Q degradation of Cavity during first 4 years but then Q-drop due to cathodes?
— NC cathodes and its exchange are a potential risk for SRF gun cavities

PHOTOCATHODES
*Long lifetime of NC photo cathodes in SRF gun (>1 yr, total charge 260 C@ QE =~ 1% )

* Multipacting appears for Cs,Te coated cathodes only, suppression with DC Bias

*Cs,Te cathodes produces high dark current with similar properties as the photo beam,
— for higher surface fields 40 pA are expected, which is a problem for CW accelerators

OPERATION @ ELBE
*Despite of low gradient successful experiments and measurements:

Far-IR FEL operation, Compton-backscattering with TW laser, Superradiant THz
radiation, Slice emittance, Longitudinal phase space measurements

FUTURE

*RRR300 upgrade cavity (+vessel) tested up to 43 MV/m, cold mass assembly upcoming,
new cryomodule with SC solenoid tested
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THANK YOU FOR ATTENTION A =

Sth INTERNATIONAL PARTICLE ACCELERATOR CONFERENCE

June 15 - 20, 2014 | Drespen, GERMANY
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