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Motivation

bERLinPro: Demonstrator for a low emittance, high brilliance
Energy Recovery Linac (see talk A. Jankowiak this morning)

e Linac Cauvities €))
i A 2x100 mA, 3x14.5 MeV
P Energy recovery

Booster Cavities (3):
100 mA, 2x2.1 MeV
1x zero-crossing

Gun' Cavity:
100 mA, 2.3 MeV

Main goal:
High current, low emittance ERL operation using CW SRF technology
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Motivation

Fully funded project (41 Mio€)
Building construction in progress (very
close to be completed)

chimney for air exhaust
accelerator hall

o —

Nitrogen tank

| Technical hall e -
T =" == |
, COTT fP ,ula% |3§1Eqs Utility shaft | |-
i 4‘- e e———— [B= i
= |F |
i

Connection tunnel (cabling) :
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Gun, from the cradle to the....modul!

Cleanroom HoBiCaT
HZB -!T‘?mffze_“)m?n?ati!:ﬁ\'?ce.m ey HZB Cleanroom Gunlab

02-04 2016

2012 2013 2014-2016
—
Time 04-10 2016 11 2016-today

G. Ciovati, A. Burrill, P. Kneisel, A. Frahm. M. Schuster, J. Ullrich, F. Gobel, F. Glockner, M. Schmeil3er, A. Matheisen, M. Schmokel,

O. Kugeler, S. Klauke, P. Echevarria, A. Ushakov, Y. Tamashevich, T. Kamps, D. Bohlick + Gunlab team and HZB co-workers A

A. Neumann, ERL 2017, CERN, Geneva



Overall layout of the cavity: Medium power protot

0.4-1/2 cell + full cell: Chimney 22 cm*~35 W at 1.8 K
Optimized about E,,,=45 MV/m at Q,=3.5-10°
emission phase

Stiffening ring:
Af/AP minimized
to reduce micro-
phonics

106 mm beam tube:
Allows propagation of

HZDR cathode lowest TM110 mode:
insert and choke . HOM studies
cell design: 3 pick-up antennas

to measure HOM
Proven system ! polarization
Cathode exchange \

with HZDR

Blade tuner with
motor and piezo tuner:

Microphonics compensation 2xCW modified TTF-II
Coupler: Q,, 3.6:10°
. for up to Iavg=4 mA,
Modified KEK-based FPC 10 KW each

Goal: 120 kW CW
Study 2 coupler operation

- High power version next step 3
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Cold String layout

Twin CW-modified Support

TTF-IIl coupler structure Cathode tube

with tuner

X, Yy steerer

- 2
“‘\ \muu i

SC solenoid Cavity+LHe vessel,

_ Cornell-type blade tuner,
SiC HOM

Gate valve 2 layer magnetic shielding
. absorber (Cornell)
and transition

to 300K
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Optimization goals for RF prope

Eemite = Ecarn * SIN(@emirt) E Twin RF -
< I 0 coupler =

s

1.76e-+06

Cathode insert+

Filter for TMy4q Half-cell Full-cell
band or cathode cell

« Highest E__;; favorable, but cathode also functions as field emitter (low work function)
—> highest on-axis field few mm behind cathode to reduce
dark current and still allow high performance
- Length of half-cell optimized for high emission phase ¢
- By retractable cathode and backwall inclination E__, < and
focussing RF effect increased
* Any losses and thus field in insert area minimized by filter (Choke cell)
A. Neumann, ERL 2017, CERN, Geneva



Design parameters and results achieved
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Surface fields

Bpeak surface
100+ I Bsurface (mT)
80
Ecalhode openin
sol pening inner iris
E B gt iris

cathode

Field level

—_— IIE (IMV/m)

Inner
iris

Cathode
opening

100

Exit iris

10
z (cm)

Peak electric field shifted to inner
iris wall pointing to cathode

Here field emitted electrons do not leave cavity
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Field emission and dark current issues

[norm

-

0,0 k& 1

NCY

® 18 MV/m -i

Ey,=16.4MV/m

b.

Em|tters’? -

H |u

260

280 300

320 340 360

Energy [keV]

(Pemit

90 deg

0 0.05

0.1 0.15 0.2 0.25

z (m)

0.3

| Example of
1 1.6 cell

Nb Pb cathode
{ gun cavity
dark current

1 measurement.

r(mm)

V. Volkov

| I L I I I |
0.1 0.2 0 0.1 0.2
’ z(m)

T T
half cell iris
100 =

- 100

0 0.1 0.2 0 0.1 0.2

Field emission originates
from cathode area mainly

Here peak of dark current emission is well separated
in energy from primary beam, as o, << 90 deg

- Emittance optimized cavity has launch phase closer
to peak dark current phase, populate similar
phase space

™ (see talk M. McAteer, Thursday) °
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Potential performance of Gun1 in Gunlab

Eva Panofski, IPAC17 Kobenhavn, THPAB009

EVOLUTIONARY MULTI-OBJECTIVE OPTIMIZATION

optimizing 6 parameter:

laser spot size / pulse length / cathode positon / phase / amplitude / solenoid

25 T T T [ T T
. : : *  Epeak 20MV/m
s il
Lt = Smak M,
Y . ... il ¢ __Epeak I0MV/m
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g e '\ \ : , e Epeak 40MV/m
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After 50 generations
of the evolution process.

absolut emittance minimum

Enin = 0.31 Tmm mrad atz=2.82 m
for Q,=77 pC
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Reality check: Production status after welding

S5

Coupler ports 5mm
too high and a few

degree out of the plane

- Coupler kicks

Half-cell > After tuning 5.7 mm too short
UZ B Guo | <P Vales

224 2 sy
1UTE0 240 NS

/. 0.z [B

2

ALl o8 (1] L1l

1.0mm to short each

»
P

Design

Produced

f TM,;o T-Mode (MHz)

1298.823

1298.85

R/Q ()

150.4

132.5

174

156.7

Bpeak/EO (mT/(MV/m))

2.27

2.18

/Eo

1.45

* Cavity was first of its kind: prototype, complicated structure
- unfortunately the design geometry was not fully met
* Half cell too short-> implications on beam dynamics and

peak field ratios

Ecath/ E0

0.743

0.743

EO/Eacc(le)

1.79

1.82
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Series of Horizontal Gun1.0 tests at HoBiCaT

First test after delivery from JLab compared to last vertical test

10" 120
r : ¢ Final VTA JLab ||
v S| v 19'HTSHZB
00 0008 0000 0 o | ® 2HTsHZB 100
o & w00 v’ vy v 7"33000 ///
=] 05 . - //
v —80
0,’7 N Spec. 18K =
e o B U;)
o v ;’ 160 3-
e
'\ RF e
Processmgv 40
/// //
/ : 735w
Z10W // —20
/ S /s
/ / . . . . .
B B Rt A A . {0+ Main design criterion is the on-
0 5 10 15 20 25 30 35 40 . k f |d E
E, (MV/m) axis peak e 0
- Cathode field during emission
The Strong multipacting seen at 18-20 e RF losses are of less impact,
MV/m was also seen by oscillating but low dark current required
superleak transducers in vertical test. « Test at HoBiCaT under vertical
- Multipacting reconstructed by simulations test configuration (B,=1)
12
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2nd test series after workshop modifications

After work on the helium vessel

a further test was required:

= Unfortunately the cavity was
vented by a short vacuum hose

Green data points:
Q, measured by helium evaporation

3
[+]
= Cavity multipacted and eventually 1010_‘ oo ///
quenched at low fields © . . s
= This was overcome by RF v o p// ///
processing ( > o // 7 12
finally quenched at 35 MV/m © 39HzR g/ //* %‘
. o u 4th HZB // o //Spec.1.8K 11 52
= The cavity was recovered '/ | ¥ After quench P @ L
by thermal cycle above T and ¢ sihyzp Yt 4 L=
achieves the design field of re ;7 P
bERLinPro e // e
» -7
/i /1ow e Hos
Peak fields achieved: 4 J 5w
— / //
Epeak_57'3 MV/m 10° | ! //I ! | d ! | 1
B .=1104 mT 0 5 10 15 20 25 30 35 20
peak E_(MV/m)
Corresponds to E,..=26 MV/m 0
of a TESLA cavity 2.5 MeV, Q;=5.3-10°@ 1.8K
Satisfactory
13
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Cold string assembly

Main cell: TESLA-variant

After horizontal acceptance test assembly
of small cold string in ISO4/5 clean room:

Valve, RF coupler, Cavity, cathode cooler
with Petrov filter, gate valve
and cathode tube with corner valve

Follow up horizontal test in module
configuration to check if cavity “survived®
procedure, achieve bERLiInPro goal

Half-cell:
Coupler ports r A 0.4x/2 ol . ] P 3
\ 'l‘ ~ : - | N v PR )
NbTi \ | \@m E / / \; s L[ :
Flange il T | © 3"HzB R G 3
LN =) B 4HzB 7 SR & [ 5=
Bedm tube transitio 4 { ¢  Aer auench A 6 o * £
i - i 5"HZB //d // L
; P p A
106 mm @ lup | ' . )
Beam tube | s /mw 7 s
| B ~7 35w
Legend N % ID 70mm 05 5 10 1 c (I\Z;Io\llm) % 30 3 40
. 0
Petrov filter p !\ : Cathode opening:
Ceramic _ S Critical: Insertion of Petrov filter
Cathode cooler Helium vessel  ittening and cathode cooler

end-plate

A. Neumann, ERL 2017, CERN, Geneva
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Impressions of the assembly

Mounting of the Petrov filter and cathode carrier

x\

What do you see here:
3 pick-up antennas

Ports for twin coupler arrangement

Part of half-cell back wall, large grain

. | \ — Niobium, grain boundaries visible

Dummy cathode: cdcentricity check

- -
- s
> t
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Final steps of assembly

Cavity wi

\ et vessel
N £/ |

{ et
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Acceptance test of assembly

Q, conserved after cold string assembly

+ HZB BC=1 " 0-mode: ¢ HZB cold mass
¢ HZB cold mass Rres= 9.7 nO -8
m HZB BC=1 final
-7
L _6 —
10" R 5 5 2-2.5 MeV =
. * e - L 4 - ?
i . 45 D
Oo = ’% . &
. 14 __.
: _ B ge;
_ m-mode: ~ MP regidn ot ©
R=102nQ . 7, B3
-2
L]
11
9 1 l | ! ¢ L ! ! _
10, 5 T T %0 25 30 35 40
E, (MV/m)

Blue diamonds taken after pulse processing by He 2K gas flow, higher field

possible, but not done as of radiation limit
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RF properties so far

Parameter VTA JLab HTA HZB Cold string HZB Module

E, MVm™!) 34.9 34.5 28.5% :
Epee MVm™!) 58 57.3 47.3
B (mT) 111.8 110.4 91.2
low field Q, 1.2:1010 1.1-1010 9.6-10° -

Af/AEZ (HZMV~m)?2 4.7 -3.7 34 -
Af /AP, . (Hzmbar™1) -561 150 33 -
Af /Al (Hz/step) - - 2.3 (1.8 K) 3.8 (300 K)

SRF properties conserved so far, mechanical properties close to design

Gun 1.0 Lorentz force detuning

2000 T T T T T T T T 0 A o
~ AIAP=14QQHZMbar HZB e T v
1000} \\\ _______ "
N e T
~ - o S -500
L _ jule GHEIPEREP Y i Jutal dutaiel v
00— ——————— -+---TCH ""}‘f 1: * -
N
-10000 AfIAP=-33 24 Hzmbar KKS \\ v HoBiCaT -1000L
e A JLabVTS V.
5 -2000 N A A 4+ KKS — Piezo total
N ~ " B
= M T 4500 | tuningrange “v. E,=28.7 MV/m
<1 -3000f SN A g =
~
-4000} AfIAP=-560.7195Hz/mbar JL\ab\\ 4 -2000} e
~ e
~N L y
5000} a SNA A 3 2 2
NG AFE2=-3.4641 Hzi(MVim)
- e -2500 %
_7000 1 1 1 | i 1 1 1 1 . 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 30000 100 200 300 400 500 600 700 800 900
P, (mbar) EZ (MV/m)?
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It is crucial to evaluate the cavity performance at every major
step or change to the system:

« Measure cavity's Q, and field level after module assembly, all
valves closed (We are here)*

« Measure cavity again after opening of shutter valves to diagnostic
beam line and cathode transfer chamber

« Characterize the same properties after insertion of the cathode

*However, this was risky:
P. Kneisel, SRF 1995, Effect of Cavity Vacuum on
Performance of Superconducting Niobium Cavities:

Degradation of electron loaded cavities
in surface resistance and field (field emission)
if starting pressure = 1-104 mbar

Pumping via 11.75 mm opening

_ _ We were on the edge, but gave it a try
with low particle pump stand

19
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Installation of Gun Module in Gunlab

A. Neumann, ERL 2017, CERN, Geneva



Cooldown results

350 ; :
80K shield inlet
Slow cool-down: 10K/h — Inlet helium vessel
300 Cavity upside beam tube ||
——HOM absorber
— Cathode cooler inlet
' — 80K shield outlet
2501 Parking
3
2 2007 I Fast cool-down:
=) 40Kih
o
3
£ 150+ "
[}
|_
100
- J—
501 \
0 | 1 I | | ) e
0 5 10 15 20 25 30 35
Time (h)

Uniform cathode holder movement
during cooldown, about 50um from
300 Kto 80 K

Monitored by cryo compatible
capacitive sensors
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2250

ryo-systems works fine.

However, thermal bridge between
probably 80K system and 2K system
observed. Reasons not fully
understood—>

HGRP and returned gas in cold-box
both showed elevated temperature
(25 K)

Therefore cooling from filling line
below cavity (Not JT).

Some coupling in helium loss data
when system gets a refill with liquid

22001

2150

21001

Positioning sensor reading (um)
8
g

@ lower left
¢ top
+ lower right

F+yp

A/AT=-0.33pum/K

~+
+

Sensor
location

ogt ! AUAT=0.29 um/K
20001 T S
AVAT=-026pum/K ~ $ 8@ == g
1950 1 1 1 1 ’
50 100 150 200 250 300 21

(K)

cathode cooler



The RF/LLRF measurement set up

LLRF HPRF
s
LO, IF, fp *
ﬁ'%' v
e

[ =
o

Vil 1 I Wil
D o
i L)

[]
it e
L

=== —

Py, |

beam

Piezo, Motor tuner

Cavity with blade
tuner including
four symmetric
attached piezo
stacks (Cornell

type)
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Blue dots show measured RF signals
and their power levels

To understand the system and cavity’s
transient RF response, i.e. state, we
need to measure all those signals

Unfortunately, the couplers were not
100% symmetric assembled because
of geometry deviations of ports




e-field (F=4.0) [1]

Two coupler operation: Magic Tee

0]
-

If mismatch: &
Difference at port 4,
else zero at 4 and -

606

all goes to port 1

303

.,

out,1

151

P
IE| V/m 2

Cutplane Name: Cross Section &
Cutplane Mormal: 0, 1,0
Cutplane Position: 50

Y
Component: Abs
Orientation: Outside x
2D Maximum [¥/m]: 14.11
Frequency: 4 &
Phase: 0

Invented during WWII, published
W. A. Tyrell (of Bell Labs) in 1947

Teraadons 2677
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It‘'s a kind of ma : .
Field emission, MP?

File Edit Vert Horz/Acq Trig Display Cursor Meas Mask Math App MyScope Utilities Help Button File Edit Vert Horz/Acq Trig Display Cursor Megs Mask Math App MyScope Utilities Help Button
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Q, and field of first module test (last week)
VTS/HTS+ cold string

= 3
x JLab final VTA e
v HzZB2"HTA e .
B Cold string test /// '
-——10W // T T T T T T I
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The coming weeks:

« Operating license received, opening of gate valve possible

 Warm up to room temperature, establish vacuum system via
foreseen pump ports at beam line and transfer chamber

« Cooldown again with proper vacuum condition
« Currently vacuum level low 10-19 mbar next to module
* Follow-up cooldown week after ERL17
» First RF test w/o cathode (+dark current)
—> cathode transfer of Cu cathode
—> again RF test with cathode (+dark current)
- LLRF commissioning

 First beam on screen

A. Neumann, ERL 2017, CERN, Geneva
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Workshop: Reliably operating SRF H7R

in a ‘Dirty’ accelerator Zentrum Berin
*BESSY VSR

14th -] 5th September 2017
Helmholtz-Zentrum Berlin

Aim: to gather together the expert community to
compile experience with these operating
conditions and develop recipes for the reliable
operation of high-voltage SRF.

Topics of interest

e Contamination of SRF cavities and how to deal with it.

e Cleanliness of the cavities

e Long-term performance degradation and mitigation
schemes

e Dealing with synchrotron radiation

e Particle transport

e Desian of cryogenic plant and helium transfer system
Important Dates

Deadline for submission of abstracts, registration
and payment: 31st August 2017

emmy.sharples@helmholtz-berlin.de
https://[www.helmholtz-berlin.de/events/operating-

srf/index en.html


mailto:emmy.sharples@helmholtz-berlin.de
https://www.helmholtz-berlin.de/events/operating-srf/index_en.html

Backup slides
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What are the challenges for SRF Photoinjector Cavity design?

bERLinPro needs to preserve and recirculate a:

* Low emittance beam with high peak brightness
and high average current

50 MeV, 100 mA

* Dark current level as low as possible to mitigate beam Halo

Low emittance < 1urad:
 High electric field component at cathode during bunch emission
to counteract space charge driven beam expansion
« Sufficient large radial field components for beam RF focusing
* Energy gain of 2.3 MeV at high launch phase using the given forward
power level to full extendi& coupler limit, transmitter limit

Peak brightness 77 pC @ 1.3 GHz (see talk J. Kihn on Monday):
* Insert a high quantum efficiency NC semi-conductor cathode in SC
environment <§§ SC requires dust free environment, thermal isolation

High average current 100 mA:
» Achieve good HOM damping capabilities. Absorber as close as
possible&so/enoid as close as possible, SC solenoid

Dark current: Avoid, if possible, highest field on axis on cathode surface and
opening of back wall X low emittance, low cathode work function

SRF: Keep field ratios low (e.g. B¢, /Erax @s Hc1 Nb about 160mT)

A. Neumann, ERL 2017, CERN, Geneva
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Cavity design flow

Analyze results,
Parameter scan
Optimizer

7
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S 4
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@
3 8
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Launch phase (deg.)
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2-D studies: 0.X-cell
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1. Beam dynamics
2. HOM properties
3. SRF parameters

Field distributions

Tune frequency
by Golden Section
Search Optimizer

Change geometry
parameter
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scan

1

Power limit

met?

External
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High brightness
beam group
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*RF focusing
sLaunch phase

eLaunch field
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Some example

File Edit Vert HorzfAcq Trig Display Cursor Meas Mask Math App MyScope Utilities Help Button

Tek Stopped cqs 12 Jun 17 23:55:25 —
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Ch1 Position
1.46div

After ten minutes

NWM,LW‘ ’.‘ of stable operation

these events
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.%“WWWF\!W 1.25 Hz, some

-~ MP?

Field emission
remained constant
within slow

integration time
of radiation sensor

. e + P et

I 200mV Q 400ms/div
I| 1ov o 250kS/s  4.0us/pt

1.0V AlLine S

Helium losses ran up from 0.63 g/s to 1.2 g/s and increasing—> RF off
Q,=1.06-10° decreases to Q,=3.65-108
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Multipacting in half cell at E;=18 MV/m

- Procedure:

» EM calculation for 3D field distribution
(H- and E-field)
* Import of field into PIC simulation
» Placed electron emitter in equator
dome of half cell, emits about an RF cycle
SEY set to Niobium (300°C Bakeout)
(E. Tulu et al., SRF2013, R. Calder et al.)
» Calculation stops when exponential electron

-
»

The intervals move
each timestep

number of secondaries

o
"""""""""""" growth rate is observed (T,.,=18 ns)
T T time
1.1e+005 A Pertcle s. T Particle vs. Time
- | Multipactin
70000 A E.V\I\ oNn
/7 1T HIGC OU
40000 f
20000 fJ /
e T

0 2 4 6
A NEUllidlinl, ERL £V 11, VENRRNIN, OClicvd




Multipacting triggered by field emission

Field emitter close
to iris at reasonable
high emission field

Exponential growths | [\ /

- of secondaries | I |/

. K //H\BDJ

N 1.RF cvcle -

iy AAA.AANN/L\\\//T\/\LV
REAUANVARAVARVAVATRIRIRTE. i N — JH|
RVAVRVRVRY RIS Field emission
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Comparing design and produced model
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CW operation: A electro-magnetic-

Device under test:
Nb Pb cathode gun
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Pheater (Afmax) (W)

T=15-19K  P..._ (mbar) Tire (K) T. Peterson, TESLA-
R LHe Report 1994-18
Cavity driven by LLRF at E;=15 MV/m Additional power dissipated in L, bath
Piezo compensation in Pl loop mode by heater (few cm?) within liquid
with low-pass filtering, Q, =1.4-107 Microphonics recorded while heater is powered 35
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First LLRF results for cold string
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Limited in power to 2 kW average, non optimized loop, ponderomotive
effects by large Lorentz force detuning

E, (MV/m) 15 . 8 +
construction
site

G¢(deg) 0.06 0.08 0.06 0.55

GA/A 2.6e-4 2.6e-4 2.4e-4 5.6e-4

O (Hz) 2.9 5.4 6.5 28.8

Kp 100 118 221 100

A. Neuman



Piezo to RF detuning transfer functions
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