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Motivation

bERLInPro: A demonstrator for a low emittance, high brilliance

Energy Recovery Linac

Dump: 650 kW

>

Recirculator A WS

o _—

Linac Cavities (3):
2x100 mA, 3x14.5 MeV
Energy recovery

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

Gun Cavity:
100 mA, 2.3 MeV

Main goal: Demonstrate high current low emittance operation using
CW SRF energy recovery linac
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Motivation

Fully funded project (41 M€) BESSY Il

Building construction in progress

Accelerator hall

chimney for air exhaust
accelerator hall
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-1.5 m ground water level (Berlin used to be a glacial valley) 3
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This fall completion of Gun modul and setup of dedicated testlab
called Gunlab: Characterize SRF Gun, beam parameters, cathode
studies, etc....
—>until Fall 2017

limited to 5 pA avg. beam current
by radiation protection

« Order Booster parts ~ and Linac prototype
« Beginning of 2018 installation of magnets and vaccum system

Move gun modul to bERLInPro accelerator hall, first beam at
bERLINPro about Spring 2018. 2.5 MeV — 3 MeV, up to 5mA

« Fall 2018 installation of booster module and first beam into high
power dump, 6.5 MeV
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bERLinPro: 3 different cavity types for different requirements

5 Waveguide absorber (25W/load)
1 Variable coupler + 2 beam tube in module

."" -~ - -

Beam tube absorbers
Fixed coupling : *e—3
high power coupler

2 pMain Linac Cavity (7-cell)
Bl * Preserve emittance

- . I = DL > 1= High beam current
57 /V\\ =¥ S * Zero beam power
L 5 ‘»‘ \\\\}\(‘\ i o P
| Couble /4. * High field level
. PR t’f“r‘\; s > « .ﬁ// _s - ) ._
RV e Booster Cavity (2=cell Multi-pass beam
= \,s""\\_/wi % "Sss{~ Py 4 . . h 9
- N el e Preserve emittance . H'_g QL _
—— — & vl S . High beam current MleOphOH_ICS
2’? X ;“' N ;#' /l o H|gh beam power = Recovery ISSuUes
| VT § =) - Intermediate field level
L I 1Al }..-i .;_‘ cC -
P A SRF Gun (1.4 cell)
FrriESAL, .+ Low emittance beam

\Qlk’ . H!gh beam current
High beam power

Intermediate field level
High on-axis peak fields
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Major project challenge: 3 different type of cavities and modules

All cavities can be considered as prototypes and are manufactured only in

small numbers (funding)

Design Parameter

Gun

Booster

Linac

Type of
operation

CW, high beam power,
high peak on-axis field

CW., high beam power,
intermediate acc. field

CW., high beam current
high acc. field

Number of cells 1.4x1/2 2x1/2 Txa/2
TMopi0-~ frequency (MHz) 1300 1300 1300
Operating temperature (K) L8 1.8

Beam current (mA) 100 (4) 100 2x 100

HOM absorber beam tube beam tube waveguide + beam tube
FPC type twin modified c-ERL (TTE-III) __ twin modified c-ERL W single modified TTE-III
Energy gain/cavity (MeV) 2.3(35) 2.1 14.8

Beam emission or RF phase (deg) 40-60 -90 and 0 -15

R/OQ) for p=1(Q) 150 (7132.5) 219 788
Geometry factor G (€) 174 (154) 261 266
Epea_k/Eaccl 1.45(1.66) 2.02 2.08

Bpeak/ Eace' (mT/MVm™1) 3.2 4.44 4.40

Qloaded for TMo10.x 1.1-10° (3.6-10°) 1.05-10° 5.107

Max. Qg 1% TM dipole band 11103 170. 7300 <8.10°
Prorwara at Af = 0 (KW) 230 (up 10 5.8) 230 1.4

Af/AP (Hz/mbar) 20 5 not calculated yet
Measured Properties with HV Gun Booster Linac

Peak on axis electric field (MV/m) 345 34-40 NA

Peak surface electric field (MV/m) 573 34.4-404 NA

Peak magnetic field (mT) 110.4 75.5-89 NA

See A. Neumann et al., SRF 2015
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High power

High current
High field
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Overall layout of the cavity I

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:
AfIAP minimized
to reduce micro-
phonics

106 mm beam tube:
Allows propagation of

HZDR cathode . lowest TM,;, mode:
HOM studies

insert and choke . |
cell ”\’ df’ 3 pick-up antennas

i “ | : A P gpio measure HOM
Proven system } T LB ‘ <« Y polarization

Cathode exchange
with HZDR

Blade tuner with 2xCW modified TTF-III
motor and piezo tuner: Coupler: Q,,, 3.6:10°
Microphonics compensation for up to 1,,,=4 MA,
10 kW each
5 Study 2 coupler operation
- High power version next step 8

il Al ] i B |
A. Neumann, HOMSC ‘ KEK-ased FPC



Integration into cryo-module

Support posts

Cathode
transfer
chamber

5

111 H‘ i—i

L P

2 layer magnetic Cathode

shielding Insert+
cooler

Hom SC Solenoid
Absorber
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Optimization of RF properties: Beam

.
Dot = B © Sln(¢emitt) Twin RE ==
1) coupler

1/ T
‘l‘ A" 1.06e407
. 4 Y . N 8.80+06
‘ . ! 7.04e+06

Cathode insert+

EZ (Vim)

Filter for TMgy Half-cel  Full-cell
band or cathode cell |
- Highest E_,;; favorable, but cathode also functions as field emitter

—> 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, HOMSC16, Warnemuinde
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Higher order mode damping

For E,=40 MV/m about 80 1.4 cell ok Cornéll made SiC HOM absorber

b 10002 mm

| E L

<l

' 1

mW losses in beam tube N B
. >ﬁ m - ‘“}
|

|

=

i SECTION A-A

TMg10(0,m) 100~
% b TMp10 | .
2 TE * I
10° 110 4 o N e
. TM/TE TM/TE = : S
[ ] L - ) e N, TEIITmegEege TE11
| | | hd | * | PN 1 Pl ud ’6\ 60 [ ! Tl | 1 ™01
1.4 15 16 17 18 1.9 2 21 22 23 = i1 !
mode frequency (GHz) o :ii:
w L | — M1
10°E* . % 40 — TE31
—_ 1 . + ‘q_-' i — TM21
* rd
& 10 ‘ * 20: solid: €=32,0=1.5 S/m
5 4 / dashed: €'=57,0=7 S/m
g 10° ¢ <
E - =
= R_/Q i . . w w
¢ f R‘:ng,Q 03.2 34 36 3.8 4.0 4.2 4.4 4.6
107 14 15 16 17 18 18 2 21 22 23 f/Ghz

mode frequency (GHz) Further Wake anaIyS|S
: ; 11
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Reality check: Production status after welding

U2 g Guo.  CA Valer

!

Half-cell = After tuning 5.7 mm too short

—2 Y SE— (|
224 2 ket R

Design*

Produced

Pamrary
p

1298.823

1298.85

5
|0

R/Q (Q)

150.4

132.5

Coupler ports 5mm

A

G (Q)

174

156.7

too high and a few _

Byeak/Eo (MT/(MV/m))

1.0mm to short each

degree out of the plane
—> Coupler kicks { Ry .

2.27

2.18

4474
56.68 mm from measured half-cell and 0.020” weld shrinkage. Should be 45.24 from
height prior to equator and iris drawing.

Epeak/ E0

* Cavity was first of its kind: prototype, complicated structure

1.45

- unfortunately the design geometry was not fully met
» Half cell too short—> implications on beam dynamics and

Ecath/ E0

peak field ratios

0.743

0.743

e Created much extra work to adapt cathode insert

EO/Eacc(B=1)

tube, magnetic shielding, couplers, tuning mechanism, etc...

1.79

1.82
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2"d 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

= First cavity multipacted and , ° °
eventually quenched at low fields 10 T o6 e
(as seen by PIC simulations and _ © © g |5
OSTs during VTS test) - © g -
@ e 7
* This was overcome by RF _ o /”O 7 12
processing ( )> ® 391z et ot =
finally quenched at 35 MV/m o || m ghuzp 7 e opec 1;{ s %
&/ | ¥ After quench //d /6 T
= The cavity was recovered + s5hpzp 1 e e
by thermal cycle above T and /O/ e 14
achieves the design field of ! 7 e s
bERLinPro 2 ;- o
. ] # kin // 10 //”’ los
Peak fields achieved: o / 735w
— ¢ //
Epeak_57'3 MV/m 10° | | /f | | | o | |
Bpeak=110'4 mT 0 5 10 15 20 25 30 35 20
Corresponds to E_..=26 MV/m Eo (MV/m)
of a TESLA cavity 2.5 MeV, Q,=5.310°@ 1.8k
Satisfactory
13
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Cold mass assembly

“large cold string”

» After horizontal acceptance test
assembly of small cold string in
1ISO4/5 clean room:

"small cold string® Valve, RF coupler, Cavity,

Main cell: TESLA-variant Half-cell: CathOde C00|er

& /D40 mm J o8 ¢ with Petrov filter, gate valve
wn | L Y AT and cathode tube with corner
Flange - L ol valve

Epem ke : J( &
Beari ki el l\ : - Follow up horizontal test in

Legend: o \ module configuration to check if

. : ( ID 70mm S . “
Petrov filter| | | | | &=l T=l] Yahode opening cawtyoI survived
Ceramic ——IRt procedure

: Backwall

Cathode cooler ~ Helumvessel g

end-plate

14
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Impressions of the assembly

Dummy cathode: concentricity check

A. Neumann, HOMSC16, Warnemiinde

Mounting of the Petrov filter and cathode carrier

'm

What do you see here:
3 pick-up antennas

Ports for twin coupler arrangement
Part of half-cell back wall, large grain
ijobium, grain boundaries visible

Used N, overflow
for all steps.
Flow direction: Assuming

Cavity being the most clean part 15



Final steps and done

Cavity withehehtm

vessel
s §y 22N
of Mt i SR
Cathode caooler
JT— i | a | | 5\
e Celd-part
of TTF-II
— 5 —coupler
pecla 3 0 D
Ave - nIgA - L|d DKE C U
C C = C C UC 0 C C/
0 O 0 ejele U 0 Aall0
JC DallC OI10 C C C J




Horizontal acceptance test

Small cold string after assembly and
during pump down in clean room

9

Final acceptance test at HoBiCaT before
completion of string with:

Beam tube and HOM absorber, Solenoid,
valves and transition bellow

1 of 4 piezos in
' blade tquner "

Prior to
Installation

== This coupler was
; not connected

$ 'y /7,'
Cathode // ’
tube —
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Horizontal acceptance test: Performance kept!

~ 0-mode: R,.;= 9.7 nQ2

[ I
® |ast Test Jefferson Lab.
m Test HZB with processing | . .
B Test HZB before assembly :
@ Final test after assembly I:JERLII‘IPFO range
Administrative
o A0 B g Limit |
I s o0 oo o @ o % o =
& :. .... & “ 1
| 9e
L] ® u
[ | '.'. [}
‘ : | |
n-mode: Rs=10.2 nQ
109 | | | | f
0 5 10 15 20 25 30 35

E, (MV/m)

Unfortunately cryo-plant break down - no unloaded HOM test!
18
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Latest assembly attempts: HOM load

Copper layer came off

Inspection:
Fabric found

» Losses by fundamental mode in
stainless steel tube no problem,
< 0.8 W (add cooling braids

* Resistive wall wakes of an issue?
75 mW losses at 5 mA, 77 pC, o,
3mm - ok

Influence on the beam: 0.196 V/pC
instead of 0.03 V/pC - ok o
Also observed surface roughness ¥ &%
- ok g,,fkfsrﬂ
100pum would lead to 1.15 W at 5 &

mA (worst case) '

N Next: Finalize string! 19
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Cathode camera
_+ |aser diagnostics

s

§ Screen stations

Capacit \\\\
Cathode positior

system

BPM A
Integrating current
transformer

20
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Linac module requirements

* Low to zero beam power,
thus high Q, operation
at low power possible—>
High mechanical stability
required (Q, 5107, Af/AP~0)

« The string needs to deliver 14.8 MV per cavity, thus E_ =20 MV/m

« Strong HOM damping required because of interaction with two 100 mA beams
Q. lowest dipole <5104

« Beam is injected with 6.5 MeV, still soft > coupler kicks and emittance preservation
need to be considered....... further power overhead and tuning because of

=y incomplete recovery in one cavity

Bellows and
absorbers required
but also risk for
cavity operation

Bellow (Wakes, dust)

Beam tube absorbers
22
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Design concept I‘

Single cell + cavity study:

Wake+ eigenmode analysis .
> Study RF properties - Coupled system analysis:

Peak field ratios, losses Wake, concatenation (U
> HOM damping Rostock), HOM orientation

—> Coupler kicks

—> Dark current studies

Affects: Cavity-to-cavity
distance and coupler orientation

Module based RF studies:

- Beam break-up analysis
—> Coupler kicks

Cavity construction:

- Thermal management
TMg,, losses, mtercepts

- Mechanical studies

- HOM design T *

A. Neumann, HOMSC16, Warnemiinde



TTF-III for variable coupling: 7 cell:
High Q, _ Cornell's ERL
operation po SM mid-cell + modified end-cells

(asymmetric)

5 waveguides
to cover HOM
polarizations:

Well defined 3'd order
cutoff spline nose
transition

Number of cells 7 to low
R/Qy 788 Q cutoff
fr™o0 = = 1.3 GHz beam tube
Epeakaacc 2.08

Bpeak / Eace 4.4 mT/MVm!

Qext TMy g dipole <8-10°

Beam tube TEy, cutoft 1.596 GHz

gf ?ﬁfﬁiﬁ ot 1 -]1'336-?]'4103 Combine Cornell’s low peak
Piomara At Q1 = 5 - 107(Af = 0) | AKW field design with JLab’'s HOM

damping approach

24
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Basic RF design

Number of cells 7
R/Q 788 Q
™Mo - = 1.3 GHz
Epeak [ Eace 2.08
Bpeak("Eacc 4.4 mT/MVm™!
Qext TM 119 dipole <8.103 .
Beam tube TEq; cutoff 1.596 GHz
Waveguide TE, cutoff 1.576 GHz
Qv for TMpjo-7 [-107=1-108
Prorwara a1 O, = 5 - lUT(.ﬁf =10) 1.4 kW .
10% ‘_ g
E B W e ool FPC [TEr ™on]
10'F i
- feu TEn “
10°¢ o ]
mE
o 40
o feu TMoy ! :
10°- p = ) ]
o L = |
| L ¥ : .
] J ]
102 my® ¥ ™ | al'y .26
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2
Freq. (GHz)

Final RF design obtained by quasi
optimization for field-flat, high R/Q,, low
field ratios, but low HOM Q. design
Basis: Cornell ERL shape

Low Q. for all dipole modes within
reach of calculation (3D)

However, problem of dipole-like trans-

~ verse R/Q component on-axis for
+ TM,,np M22 still unresolved

TM,,, mode

y [mm]

X [mm]

Multipole decompositon of several integration paths

e

25



Obstacles of first end-group section

""i\{ |
< 10°] Al /"“’JP | Compare WG +
o tﬁ"“‘“‘*w-- _____ | coaxial FPC system
l w v . (2 coupler depths)
2.25 2.3 2.35 24 2.45 2.5 .
- with 6WG system
S | e 2,
x for L. m L e o
g v e o gt e Current limit by TM,,,
o 0 vy L Limits BBU
'..>_<. 10" V ____________ v,»" “-v' : g%es;old current: |+
@ ] | | M ] -
C 2.25 2.3 2.35 24 2.45 2.5 ?Does not appear
50 | In 6 WG structure
‘ w
—~ ~#-FPC norm pos.
g 4071 = +10mm into beam tube trapped mode in cavity/-‘:: f' |
gj oplL¥-only Waveguides to WG transition i |
x 3
! ! s L Ex”, Y, ‘
2.25 2.3 2.35 24 2.45 2.5
Frequency (GHz)

Trapped modes appeared in transition
=, fromiris to Y-shaped waveguide—>
Gives strong dipole kick,

second strongest BBU limiting mode

L. This section needed to be reworked
26
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(V/m)

E . E ;B¢
4 X

Obstacles of first end-group section: Coupler Kick

y

12 " [5-5WG+1 Coax FPC
1.5+ ‘\\\ @ B6WG
1 \‘1HF15
10.5+ \“‘““*——1_““,_1
L '1\\ )
<. st S 6 WG solution showed
RN e even more emittance
851 “-~._increase
, p by
2 200 400 600 800 1000 1200 8- TR o
z (mm) 75-
€ny.x I mm mrad 1 I 1 I 1 I 1 1 I
aly 5 ps rms Beam and Ca\”ty b5 20 a5 a0 s od 5 10 15 20 25
oy ~07mmrms Parameters for simulation (EM + PIC solver) (deg.)
Iavg,beam 100 mA
Ekiﬂ,il‘li 6.5 MeV
Viee 15MV Confirmed with Astra tracking calculations
Epce 18.56 MV/m
Do -20t0 20 deg
T T T T X10-4
A 29 . ©__ 20 deg.
108’ acc’
— DE AT ——0d
3 105 : - ce 2*+20§gg Strong kicks in coupler plane;:
3 . 4 F o
| 3 T bt 0.2 mrad at ¢,..=-20 deg
1.02} 4F b fa e 1.5 ' .
Vbl ) Waveguide and TTF coupler o
E
>
£
g
=
Il Il 1 1 1 Il _0' :
0.2 0 0.2 0.4 06 08 1 32 0 02 04 0.6 08 !

z (m)

mmmm) Rework end-group geometry 27
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New end-group for kick reduction and trapped mode tuning

\ i
i
N\ Ay
i\t 7
\ /

\ \ / =Y
\ \ / 74
\ \ /

N N\ / 74
\ N\ / 74
> \g’ 4

Kept waveguide dimensions,

0 00 400 600 800 1 OBO 1 2|00 . .
o 2 (mm) but included tapering
10 Kick field components reduced

4

, ¢-B_ (WV/m)

Y

E,E

| 1 1 1 | 1
0 200 400 600 800 1000 1200
Z (mm)

A. Neumann, HOMSC16, Warnemiinde Removes mOde In transmon
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Module based kick analysis

Emittance dilution by variation of field experienced by different slices of bunch -
function of bunch Iength which samples the coupler field during passage

1.15 T \ T \ T \ T

On-crest case

T !
-05 0 05 1 15 2 25 3 35

3
T

Beam /

A. Neumann, HOMSC16, Warnemiinde

EM and PIC based
coupler kick study:
below 0.5%
emittance increase in
both transverse
planes

Kick is integral effect on bunch's
center of mass, depends on
FPC's orientation in string

Triggered study:

Which orientation optimal w.r.t.

coupler kicks and HOM damping
- Concatenation by U Rostock




First module based HOM/Wake studies

0 2 4 6 8 10 12 14 18 18

Frequency (GHz)

20

o_5mm , f_ =2047 GHz
zZ cut

y‘Zof‘fset=3mm

Wake length 4m

~ 474105 mesh cells

b oo ol

8 10 12 14 18 18

20

Study influence of length of
interconneting beam tube on HOM
spectrum

Comparing reference run done
with full cavity as half cell

open boundary somewhat
inaccurate

Mode of TM,,, type closed

to beam harmonic at 3.9 GHz.
Typically they have low impedance
because of transit time effect

Frequency (GRz) Resolution of Wake calculation
limited as very high computational
effort

But three different sets of interconnecting groups exist: .~ Absorber

AWGH+2TTF

A. Neumann, HOMSC16, Warnemiinde
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Intense Eigenmode search at beam

harmonics

Log(Q)
Logi(RIQ))
Log((R/Q)-Q /D)

P

+ Log@
+ Log(RIQY0)
* Log((R/Q)-Q /0)
| .
-
Log((RIQMD)
W((ml Q ’0)
Py
i ? 5 Wgs, FPC
! .
4 T . =
[ .
‘ . 4 . - &
AK ."
al B i . n | « Log(@)
- [ - Log(RQy®)
* Log((R/Q)Q Q)

LoglQ)
Log((RAQVD)
Log((RQ)-Q 1)
ps .
P
"
. . .
i U\ f
led . *
2 I 1 T + Log(@)
t . « Log((R/QyQ)
1 - I 5 1 | * Log((R/Q)Q /0)
= —— = A 11GHz
P~
¥ I :
S QQ
1

No dangerous mode on resonance to harmonic H.-w. Glock
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Log(@)
Log((R/QY0)
Log((RIQ}Q /)

[

* Log(@)
* Log(RQy0)
* Log((R/Q)-Q /)|
J v
Log(@)
Log((RIQ)Q)
Log((RAQ)-Q /)
5
Two FPCs
4 I .
i)
e s
o "
21 ) O o - + Logi@)
Il + Log(R/QY0)
* Log((R/Q)-Q /0)

Logi@)
Log((RIQVD)
Log(R)-Q 1)

i

11GHz

Two FPCs

- J
=AU

- Log(@)
+ Log((RQYO)
* Log((RIQ}Q /0)

Log(@)
Log((RIGMD)
Log((RI)- 1)

5

Log(Q)
Log(R/QND)
LogliRAQ}Q /)

6

.
Tee———————
e e ——

2.6 GHz

2«3 Wgs

« Log(@)
+ Log((R/Qy0)
 Log((RIQ)}Q 10)

3.9 GHz

2«3 Wgs
? ]
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Cavity design issues w.r.t. HOMs

Mag. Surface field
iIn end-group

3-sided cooling
of end-group/
waveguides—>
Needed to prevent heating
by leaking fundamental
mode

Integration of
/G damper ______ original TTF-II

coupler design

~~~~~~

" — [ "8 What type of

W/ flange/flange
----- ) material?
Possible integration Length of
of endgroup in helium superconducting
vessel section
TTF coupler 32
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Z / Ohm

PS Wake Solver based module RF studies

# Port modes 20 modes (WG)

Full set of HOMs+FPC per cavity (3x5 WG)

Length =3.855 m
Reduced version:

One waveguide group between cavities (4x3 WG) Wake solver settings:

- Wake mpedancex[magnm[jf_.] | Og— 9mm > up to 11.3 GHZ
sooo0 1ol o analyzed, offset 2.1 mm in both
R ____________Almost ldentlcal Impedance transverse planes
40000 1---ooor e :::::;:::::E ___;_______:::___;;::::::::::::::: 158h on a 2 x Xeon2643v2 6-core
20000 7o - ttt:::::':r:::t_"_::;;:t:r:':::tr::::fztr::::t::_':::t 256 GB RAM
0 ' . -l
10 12

Strong coupling of beam tube to TM,;,
band, 6/7r type, localized in end-cells
and tube

f=2.436 GHzHH?/ =550 -

Ll iy,

- Complete BBU and long. HOM
analysis planned with Rostock data

A. Neumann, HOMSC16, Warnemiinde See H.W. Glock et al., IPAC16
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HOM absorbers for the Linac cavity FEimages

OThomas Jefferson National Accelerator Facility

Wake data and EM based fundamental mode data serve as input to HOM load
design

Freq (GHz) TE10 [TE11 [TM11|TE30 [Total Stainless _
(W) steel. SiC wedges
2.6 8.370 , brazed on Cu
5.2 3.962 (2.534 (10.482|0.926 CU coatec
I Pegboard
7.8 0.468
Max power 8.370 |2.534 |[10.482(0.926 .
(W/100MHz bin) Load designed
for 25 W
Total mode power |12.885 |2.789 |10.738{0.982 |27.394
(W) |
total of modes to 26.742 . g
sim (W) ] Room temperature
J. Guo, F. Fors, JLab Cooling water channel
3500
3000 -\
2500 \ Outside FE
e d | .
= 1500 vessel)

- 5 1000 = Centerline
500 -
Imported RF power 0 - - - 7 . .

losses mapped to Thermal 0 0025 005 0075 0 0. 02 0225 025 0275
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