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Tunnel View

M. Ross, SLAC. 19th SRF Conference, Dresden 01 July 2019




LCLS-Il and LCLS-II-HE Layout

12 CM Installed L2;
Integration ongoing \
., 3 installed L3

0.25 GeV 12 4.0
| | ' BC2 L] | EERE R X
g Emm2 " | i | Ei i1
R 0 e s 1o e e o B e e s . [ | T e e e [ o s | I P s ) B | ,,,,,,,,,,, ._I
16
4 15 4—| r.-— 21m g .
| Dt | oB2 (to TUPO035 Yeremian
[ 1542 20
]
|
* |
- 18" MeV/m wi——— 20. 8" MeV/m —
I
I
0.25 GeV L2 (cb 21°) 1.873 GeV L3 (=57 3.749 GeV | L4 [:b 3.87) 8.0 GeV
1 | | | |
2095 m ‘ |
EMsz | I | |
|||||||||| % I ||I| N O B ) B ) B B |
15 16 2526 28 35 41 42 55
| 124 m
"7 I | BRB1
DB1 DB2 DB3 I accelerating gradients: (to NIT)
1542 14 26 I + 18.0 MeV/m includes 3% overhead
' : * 20.8 MeV/m includes 6% overhead
|

LCLS-II-HE (2026)




LCLS-Il L2/L3 Cryomodule Assignments:

0.25 GeV

CMO04 | CMO05 | CMO6 | CMO7 | CMO8 | CM09 | CM10 | CM11 | CM12 | CM13 | CM14 | CM15



First 1300m of SLAC Linac

Grade Level Access for
1 Cryomodule install
S 7 S e

il 960 m NC RF / /moved

| LCLS-II; 450 mcold 296 m SC RF
LCLS-II-HE! 250 mcold 170 m SC RF
LCLS Total SRF: 700 mcold 466 m SC RF

M. Ross, SLAC. 19th SRF Conference, Dresden 01 July 2019



2x Cryoplant, Jefferson Lab W

contribution )
A —
2x4kW (@ 2K) = 8 kW capacity > 7.13 kW est. load a [ —
12% Margin (<Q0> 2.7e10) = I S I

Lload | Circuit | Unit]

LCLS-II 70 5-8 2 K A —r
456 063 026 (kW) A= ‘
322 027 3.02  (KW) ——————————1
429 021 025 (kW) A
1206 111 3.53 (kW) = ' 2
1156 580 1746  (g/s) 2 2

+ LCLS-II-HE |

CM static heat 702 097 041 (kW) . -
CM dynamic heat [z 043  6.40 (kW) Q«

CDS heat 8.37 03  0.32 (kW) Cryoplant Schematic

176 163 7.13 (kW) Top: Compression
M. Ross, SLAC. 19th SRF Conference, Dresden 01 July 2019 Bottom: Linac




LCLS-Il Partnershi
2 i9b CLS-Il Partnership - |
af Fermiia d2iia5an Lay
CM engineering/design |
50% of 1.3 GHz CM
3.9 GHz CM

Cryo Distribution
Processing for high Q — N

50% of 1.3 GHz CM

«  Two 4 kW (2K) Cryoplants
*  Processing for high Q
doping

— MOP092 stanek « Linac Integration

I ‘h NATIONAL .
ACCELERATOR ¢  Cryoplant Integration

qhﬂ“ LABORATORY .
Commissioning

LCLS-II Project:

Procurement

Inter-laboratory I
= responsibility divided
Office of among partners:

partnership under the
sponsorship of DOE r

— oclence (Cavities > JLab)
U.S. DEPARTMENT OF ENERGY

Office of Science,
Basic Energy Sciences




Introduction

1)

For your consideration:

Three elements for technical advancement:

1. Science - Motivation
2. Technical development = Tools that enable

3. Industrial and Infrastructure backbone - Capability/Cost

Step 3 is sometimes called the ‘Innovation Valley of Death’




2009: Success of LCLS at SLAC

- Remarkable facility for remarkable photon science <

What's next for photon science in the US? How to develop this valuable
tool?

Extraordinary convergence (2010 — 2013):
1) LCLS Success

2) Technical Development and Industrialization of a core linac technology
9

Superconducting Radio-Frequency (SCRF)

Old / new technology deployed together for LCLS-Il hybrid FEL

10



CEBAF (94) > LEP2 (99) > LCLS-II (2021) > HE (2026)

ol A ﬁ
Ql-l'\\o

Three large CW Superconducting linacs:

1994 1999 2021 2026 Substantial

N_cav 338 288 280 440 investment in
E_acc (MV/m) 18.5 20.8 CW SRF
Meters of SRF 169 490 296 466

E_tot (GeV) 1.2 3.6 4.6 8.6

<QO0> 4.0e9 3.2e9 2.7e10 2.7e10

f (MHz) 1497 352 1300 1300

Temp (K) 2.08 4.5 2.0 2.0

Heat Load (kW) 3) 53 3.7 7.3

Heat Load kW/GeV 4.2 14.7* 0.8 0.8

* @4.5K. Divide by 3.5 to convert to equivalent load at 2 K, (4.2
for LEP2)

11



Outline

1)

Issues:

« Cavity = Industrial Production with Nitrogen-doping
* Flux Expulsion (Minimizing trapped B_amb)
« CM -> CW operation

1. Field Emission / Multi-pactor Discharge
2. Microphonics
3. Shipping

Plans

12



LCLS-Il Parameters:

Cavity Vertical Acceptance:

Parameter Value Units  Parameters | Numbers | Unit

Energy GeV B > 19 MV/m

Beam | 100 u Amp R >2.5¢10 (at 16 MV/m)
Duty Factor CW R B nQ

RF 1300 MHz LI <1.0 W

Cavity 8 per CM Field >17.5

Cryomodules 35 each 40 emission

(add’l + spare) 5 each Onset*

*Field Emission limits changed 30% into
production to require No Detectable Field
Cryoplant cap. 8 kKW@2.0K Emission at maximum gradient

SSA 4.8 kKW

3.9GHz: MOP051 Aderhold
MOPO069 Khabibouline
MOP093 Kaluzny 13



THP100 J. iversen, DESY

FRCAAZ3 b. Gonnella, SLAC Nb Sheet and CaV|t|eS )
3 ‘JH .!.)

research

376 ordered: 211/165 RI/EZ
304 required for 38 CM

(2 prototype CM from ILC)
21 for LCLS-II-HE

51 remain (43 not qualified)

Instruments




Cell #9
Thermometer

Cell #1
Thermometer
45-deg tilted
fluxgate sensor

Helium
Return

Cell #9
Thermometer

— Hellum Inlets =

Transverse fluxgate sensor
measuring transverse field

Cell #1
Thermometer

9-cell bulk Nb cavity
integration

Integration with flux-gates and
thermometry inside He vessel

* Only prototype CMs
Double-layer hermetic magnetic
shield




20+

MOPO044 Gonnella
Vertical Test FRCAA3 Gonnella

151

Testing Complete 07.2019

Pass Rate

3
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Doping Summary — LCLS-ll / LCLS-II-HE

<E_acc (max)> MV/m Single Cell Nine Cell
2/0 N-doping recipe 29.3 +/-6 underway
2019 > 240 +/-5 MOP045 Gonnella
HE TUFUAS3 Palczewski
3/60 31.2+/-3
2016-19 LCLS-Il Production (2/6 doping)  23.0 +/- 3
2014 <E_acc (max)> MV/m Single Cell Nine Cell
2/6 27 +/-9 21.5+4/-2
20/30 22.5

LCLS-II-HE Cavity R&D Status Review, 12 June 2019
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Technical Challenges:

FE Performance Over Time — Vertical Test: 2 vendors

A 7o
ol e W
100 Rl 100 | ! EZ
80 80 1
@ <l i
&g 60 ——FE Rate g &0
GC) Cavities Tested GC)
© - - - - Procedural Changes o
S 40 & 40
20 20 1
ol 4 . | | | | 0 L | L | . |
Jul16  Jan17  Jul17 Jan18 Jul18 Jan19 Jul 19 Jul16  Jan17 Jul17 Jan18 Jul18 Jan19 Jul19
Final Assembly Date Final Assembly Date

Changes to clean room procedures has consistently resulted in improved field emission

Typically see a field emission rate of <20%

Ari Palczewski, JLab
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Outline

1)

Issues:
« Cavity = Flux Expulsion — minimizing trapped B_ambient
- CM=-

1. Field Emission / Multi-pactor Discharge
2. Microphonics
3. Shipping

Plans

20



Three factors in Flux Expulsion:

TU P039 Posen
TU P057 Palczewski

1. B_ambient - from all sources: a) material magnetization, Thermo-electric

currents, earth’s field

2. Nb Flux Expulsion Efficiency = b) bulk property, c) cool-down dynamics

3. Heat dissipation per unit trapped flux - doping (doped Nb has increased heat 3x)

Optimum cool-
down in vertical
test; few

vortices remain

Cool-down
characterized
by AT (spatial)

High He mass-

flow best

21




a) material magnetization CM degaussing

Magnetic shielding and Degaussing | using demountable system
Fermilab

JLab
(goes to SLAC for in-situ use

&7
E T T T T
g Before demag, lower cavity equator
= Before demag, beamline
= 200 L Before demag, upper cavity equator ul
iy - == - After 65 A demag, lower cavity equator P t typ C M
= After 65 A demag, beamline rO O e
X - - - After 65 A demag, upper cavity equator’, z 50
= 600 k . - l ("a\lt) top m W(lrk station * start ]
= z 5 40F » Cavity bottom = Work station 5 end E
o B 5 30 A QOutside He vessel = After demagnetization
=1 L [=% - 5 =3
7] P £ Py .
g 400 : & ~ 20F | 3
Z = s % Demagnetization ]
ey 2 =T o 10F LI
S 200 7 ot . . st
3 :  §2 M ' i
=1 e ] e — o
=] T | 4 z S -10F 4
g] 0L I I L. i e B e e AP = %J 2 I I I
= 101 2345678910111 E X .20f
D Demagnetization Demagnetization 32
Distance from upstream flange (m) 5 30k e
E w0
= ) . ¢
_5() 1 1 L 1 1 1 1 L

1 2 3 - 5 6

B _ambient limit:

5 mGauss max

M. Ross, SLAC. 19th SRF Conference, Dresden 01 July 20 . L Saravan Chandrasekaran FNAL

Cavity number



b) bulk property Improvement in expulsion is correlated with grain

Nb Sheet rOWth
forging and N
rolling
determine
grain size,
structure and
inter-grain

EBSD Layered Image 4 EBSD Layered Image 3

LCLS-II
material with
weak
expulsion,
after 900 C

LCLS-II
material with
strong
expulsion,
after 900 C

Studies
underway to
update
specification
with
metallurgical |
qualification o 1000c4

Sam Posen, FNAL ' hrs

800 C only

=

b




b) bulk property
Heat Treatment to improve Flux-expulsion efficiency

Q, for Cavities in CMs Tested at FNAL

T +
1
1
1

+

WC/800 TD/800 TD/900 NX/900 NX/950 NX/975
Material/Heat Treatment Temperature

DS

Flux-Expulsion annealing

temperature change
during production

Flux-expulsion Heat | # Cavities
Temp. (°C)
800 18
900 235
950 83
975 13

24



) . c¢) cool-down dynamics
Magnetic Flux Expulsion ) y

Animation by 5. Posen and M. Hassan

» Meissner Effect — well below T, niobium
tends to expel applied magnetic flux

» However, flux can become trapped in
superconductor during cooldown

»  Only within the last 5 years has R&D
made it possible to reliably achieve
strong expulsion during cooldown

Animatien by 5. Pesen and M. Hassan

Implementation in
LCLS-1l Cryodmodule

R&D in
Vertical Test

Ambient magnetic

field during cooldown
2= Fermilab

Sam Posen, FNAL ‘osen









c¢) cool-down dynamics ,
2
1.8 18
1.6 16
Ml | k:}‘\m
“EQ\ 1.4 [T 14
Single Cell in VT: 1.2 12
. . /555/ /;4/
Expulsion vs. Trapping 038 ( 0.8
0.6 0.6
. . . . _ 0.4 0.4
AT (iris to iris) =4.7 / 0.7
0.2 0.2
0 0
~ _
Beo/Byc~1.7/1
“ Flux Expulsion o Flux Trapping
‘g — Tequator 1K | Measurement ‘g [~ Tequator 1K Measurement
=y T top iris [K] \ — T top iris [K]
% 25 T bottom iris [K] \ I\ = % 25 T bottom iris [K]
ic T equator 2 [K] i " ic —— T equator 2 [K]
[¢] B equator 1 [mG] \ [¢] B equator 1 [mG]
® 20 B equator 2 [mG]| | "~ Magnetometers ® 20} B equator 2 [mG] Magnetometers
=Y —— B equator 3 [mG] \‘\ é
% 15 Bequator4[m(§1 N % 15 . \%
2 ,2. 3 Thermometers
< 13
910 SN 210
5 Bsc, /Bye,=1.610.1 \ Thermometers E] S
© Bsc,/Bye,=1.6£0.1 Y ©
S 57 Bse/Bye,=1.620.1 T S 51 Bse/Bye=1.1%0.1
E . Bsc, /B‘"v(;l=1.6i041 | | AT=4.7iO.4‘ § , B:gcl/Bl\vpz:1.1i‘oA1 | AT:m‘io.zx nilab
Sam Posen’ FNAL 180 185 190 195 10 15 20 25

time [min] time [min]









c) cool-down dynamics

Cooling a CM through T, ;|

32 g/s spec

A

CM QO vs cool-down flow rate

3;_'/
Instrumented cavities: Prototype CM 9 %
g o=
2.3K, 3 bar supercritical He supply T 25pF o .
o *
_ ¢ /'
Center-feed ol o=,
) . ¢ CMOL & CMOS + CM09 ¢ CMI3 B
AT Equator: Top to Bottom vs cavity 15l @ CMoz m CMos * CMi0
1. % CM03 x CMO7 & CM11
= 8gs | v _CM04 % CMOE ® CM12 | | | | |
10f = 0 10 2 30 4 5 6 70 8 9
= 80g/s 1 [g/s]
8_
to . —_— 300 mm pipe (B): 2 K vapor -
_—
z liquid valve = T 2.3 K, 3 bar supply (A) o
4k e . | erconnect
7 K vapor 2-phase pipe (G) i | adjacent
di T I 0 I I 10 O IT 1 [ | crvomodule
X' RF| RF |RF ||RF | RF || RF || RF || RF | magoet| g i
0== s 1 , l 1 . 1 ' L ™ rr rr | [ cooldown
Cavl Cavl Cav4 Cav4 Cav5 Cav5 Cav8 Cavs T-l F T-ll ; s warm-up
Cell1 Cell9 Celll Cell9 Celll Cell9 Celll Cell9 . — valve
Cunldownfwﬂhup line (H) <:
" - 27



Outline

1)

Issues:

« Cavity = Flux Expulsion

« CM - Two equivalent production lines; identical
components and tooling

1. Field Emission / Multi-pactor Discharge
2. Microphonics
3. Shipping

Plans

28



Two Production and Test Infrastructures;
Common Supply Chain

1
e AN

()

 Fermilab:

* Long history with TESLA-type CM, but no extended production experience
- Jefferson Lab:

* Extensive production experience, but no direct experience with TESLA-
type CM, monolithic (not segmented) linac
ILC-GDE Proposal:

*  ‘Plug-Compatibility’ to allow independent development that meets
interface requirements
* For LCLS-II: Identical tooling, Identical parts, Equivalent Process leading
to Equivalent Performance.
Example: CM assembly with string under vacuum

- Evaluated 04.2007 for DESY, Recommendation: Not without development/check
29
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TU PO6O Harms

Test
Fermilab CM
Test Clean room
Main Assembly
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Jlab CM Assemblleest
o

L =
.. II T )ee DO

> E I " > H:w j&
J J1.3-01 S Q000 J_ StringAssy (liS1)
e
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1 * Penni — # . f&———u 0 | |y ﬂ‘f,l
i CM Storage o f e | et o I
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I M Rework | E_ég o w0 e | i ' N
b =) O ESS g;é,ﬁ 31.3-18 )
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Assy ! I
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Cryomodule Assembly at JLab

Daly - JLAB - LCLS-ll DOE OPA Review, May 8-10, 2018



CM Testing

SLAG
Basic Steps:
JLab — E_acc Max
*  Find the limit, or reach admin.
1. CMTF ‘cave’ ’

2. LERF two CM end-to-
end

Fermilab —
3. CMTS1

* Limit21 MV/m

* Record FE onset

E_acc Usable (128 MV)

* 0.5 below admin or

50 mr/hour

*  One hour stable (SEL) operation
Q0 (2.7e10, 88W @2K)

« dP/dt with valves closed or

*  Flow required for equilibrium
Endurance Test

* 10 to 16 hours at nominal (CM) integrated
E acc =128 MV

* In GDR as much as possible 34



Cryomodule testing at FNAL

Based on LCLS-Il CMs 02-16, avg is ~39 calendar days/CM

250.00

LCLS-Il Cryomodule Duration at CMTS1

200.00

Average
Install: 18 days
Test: 13 days
150.00 Warmup & remove: 8 days

50 days at CMTS1

R — — o e e . - - -
eon ol
= 1500 28,00 s.00 4.00
¢ X 2 8.00
i @ 900 1200 = no G 7.00
D E o me @
- 700 Jfis00

% 31?? 15.00 Eﬂ ﬂ
m !
pcM

12.00

500l s o o

7/22/16 4/11/17 5/31/17 7/21/17 9/11/17 10/16/17 11/20/17 12/20/17 2/21/18 6/1/18 7/5/18 8/15/18 9/25/18 10/29/18 12/19/18 2/1/19 3/11/19
F13-02 F1.3-03 F1.3-04 J1.3-01 F1.3-06 F1.3-05 F1.3-07 F1.3-09 F13-08 F1.3-10 F1.3-11 F1.3-12 F1.3-13 F1.3-14 F13-15 F13-16

m Installation Testing m Removal




Typical Performance Summary (F-17, 04.2019)

!

11

CAV0540
CAV0530
CAV0533
CAV0529
CAV0525
CAV0535
CAV0067
CAV0517
Average

Total
Voltage

21.4
20.6
25
e
19.5
25.7

18.8

18.8
211

175.2

none
24
none
none
none
none
none

none

VTS
Eacc*

0@16MV/m| Gradient (Gradient***

2.8E+10
2.9E+10
3.0E+10
3.2E+10
3.3E+10
3.5E+10

3.4E+10

3.0E+10
3.13E+10

20.5
19
18.5
18.5
19
19
19
10
17.9

148.9

20.5
17
18.5
18
17
18.5
19
7.1
16.9

140.7

FE onset

[MV/m]

none

none

none

none

none

none

CMTF Test

Q0 @16MV/m
2K @ 30 g/s

3.19E+10
2.56E+10
3.22E+10
3.16E+10
3.84E+10
3.77E+10
3.44E+10
2.12E+107
3.16E+10

()

Material

TD 200/900
TD 200/900
TD 200/900
TD 200/900
TD 200/900
TD 200/900

NX-C, 200/975

TD 200/900

rl-

)

¢

37



WETEA4 Burrill

(MV)

E_acc Usable

CM MV
180

[0}
9T-r
ST-f
vI-
€T-r
4N

SO-f
v0-r
(0]
o1
10l
8T-4
L1
91-4
ST-4

80-4
L0
90-1
S04
¥0-4
€04
04
10-4

oo O
<SS g O
— W

9ads |[-S707

o O O O O
0 W <
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<Q0> (e10) THPO051 Huque

S > P QQJQ,\Q \@\%\v@\b’\,\%@@, Qv QQ%,\Q,\rL:\fb:\v:\b

* JLab QO notes:
- Initial JLab CM cooldown did not produce the high QO
- J-01 tested at Fermilab
- Modifications (J-08...) and upgrades of the cryogenic system produced high QO results

* Different measurement methodology (dP/dt vs flow-rate) 39
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Outline

Issues:
« Cavity = Flux Expulsion
- CM=-

1. Field Emission / Multi-pactor Discharge
2. Microphonics
3. Shipping

Plans

()

40



JLab - + b NN [ S i
n FNAL - T e I S
Cavity E_acc Usable
I FNAL
40 - | JLab
From CM testing, with / without detectable FE £
%21 No FE detected
All Cavities =
° 0 5 10 15 20 25
JLab T+ o+ e T ' E, [MV/m]
—_— . e — JLab e N N S +
60 - FNAL = 4 e (1]
I FNAL Sor,
B JLab B AL
2 40 - 15 I JLab ‘
g =10
<08 g FE detected
5 -
0 T I 0
0 5 25 ' '
0 5 10 15 20
All Cavities E se MV/M] Only FE Cavities E o MV/m]



Field Emission Onset Eacc of FNAL Cryomodules vs CM, ..

Pl AN

Both Clean rooms audited ~ CM F7/J9 1

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16

25.0
200 ‘ :
£ - o | . }° ° .

3150 [ . 1. . .

g B [ ] [ ] a ¢ ® [ ]

210.0 [ .

S

@50 F

- C L \
w 0.0 Loetbeoslee o b ! AW

0O 8 16 24 32740 48 56 64 72 80 |88 96 104 112 |120 128
Cavity Number

1. One HEPA

1. Internal audit changed the 1. WSO backfill upgraded 1. WS1#8 backfill upgraded filter fan failed

procedure to back fill WSO slowly 2. Procedure upgraded 42
1. New staff training 1. New staff training



Field Emission Onset Eacc of JLab Cryomodules vs CM

* Gradient Onset
- Field emission on two
CMs has been tracked to
process variation in the

clean room
. This has been fixed

* JLab process is different:
CM is assembled with string
under vacuum.

Onset Gradient (MV/m)

20

18

16

14

12

10

FE Onsets by Cavityand Cryomodule

CM01  CMO02 CM03 CcMo4 CMo cmo7 CMOS\ M12 cmM13 cM14 CM15

12345678 12345678 12345678 12345678 12345678 12345678 2345678 12345678 12345678 12345678 12345678 12345678




n.b. Chemically-reactive Plasma processing (SNS)

A 75

1
e AN

()

Cell-by-cell Neon-Oxygen processing has been successful at SNS (M. Doleans)
Adapted to high QL 9-cell cavities and tested

« Use HOM coupler to feed 1st/2nd dipole pass-band

* No effect on doping performance

------------- |-|-|-|-|'|E1000

IIm Q, - Contaminated - Before Plasma E
e 2 D_ 1 ] Q, - After Plasma 1
4E10 7| © Rad - Contaminated - Before Plasma 1
1| ¢ Rad - Contaminated - Before Plasma £ +4 100
] Rad - After Plasma ® ]
] Rad - After Plasma ]

@ | o — 10 DEE:
1D- ] e N N S, e E
AnaamnsasPs | - |
- 2E10— w | S
& Q@ E -g
1 K ] 14

@ IS A FRCAB7 B.

| L 5 .
Boeitnnddtos S0 & N NP ] Giaccone

Mode 1D-6 | ot :
' : W“f”?“ . X TUPO065 P, Berrutti
‘o " o. ‘o ‘° o’ 0 é 4I1 EIB é 10 1I2 14 16 18 20 22 24 TUP067 B_
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CM Assembly with String under
vacuum — JLab practice -

Removable FPC (cold)
bellows restraint
- Cage of thinrods

I
gl
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Usable Gradient Limitation Mechanism at FNAL

maximum gradient is closer to 20-21 MV/m

for many minutes then suddenly quench - Multipactor likely

What could be causing these “sporadic” quenches?

TUPO38 s.

Fosen

We regularly see usable gradients in the 17.5-18.5 MV/m range when the

Usable gradient requires 1 hour without quench, but regularly see cavities stable

L] CMTF Test
[MV/m] [MV/m] Field [mG]

1 CAV0139 258  3.14E+10 21 195 3.32E+10 14.8% 0.24 TD 200/900
2 CAV0225 24 350E+10 195 185 3.74E+10 13.2% 0.22 TD 200/900
3 CAV0096 21 4.03E+10 20 175 3.83E+10 13.4% 0.82 TD 200/900
4 CAV0154 246  3.91E+10 20 175 3.74E+10 10.9% 0.79 TD 200/900
5 CAV0230 24 3.87E+10 19.5 175 3.34E+10 15.2% 1.36 TD 200/900
6 CAV0205 223 3.26E+10 195 19.0 347E+10 17.5% 0.21 TD 200/900
7 CAV0324 24 335E+10 || 205 175 3.77E+10 18.4% -0.06 TD 200/900
g8 CAV0150 214 346E+10 19 19.0 3.24E+10 15.8% 0.95 TD 200/900

Average 23.4 3.57E+10 19.9 18.3 3.56E+10 0.6

yotal 1942 1515

Voltage




MP Quench can increase flux trapping —
Integration mechanism

Flux concentration can be high just outside

the equator;

Each quench admits more flux (depends on ‘
size of NC region and B_amb), increasing R

until equilibrium is reached

Thermal reset — fast cool-down is required

o®

t t t t
—®— Axial field ]
Label I (mQe)

15

Direct Tmap measurement of local increase R (M.

Checchin) '
16 K : I I I I I

\ ©
BB,

13F

10 -
7 I .
1
4tk i
1k J
/ 0 1 6 11 16 21 26 31 36
Board number

et
wn
Sensor number

AT (mK)
600
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Multi-pactor <>

Ultimate quench Quench
5x101° T T T T T T T T T T
1.5K

4x10"° - ]

| First power rise

oo o MP starts here
°
3x10% - ®0cn / |
0% o0
o9 oo L)
B LY P o 00 ]
ower rise o
2x1010 - after MP ®e ° )
o~‘.

64 AT [mK] \
400
164 300

100 o,

Board Number

N
o

S

(=]

36

T T T T
1 4 7 10 13 16 )
Thermometer Number
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Multipacting in Elliptical Cavities

» Range of fields in which quenches are observed is right where multipacting band is

for this cavity shape
LCLS-II: 16 MV/m

LCLS-II-HE: 21 MV/m

TESLA cavity with pi-mode

10° . ; . . . T . (@
Multipacting:band: E, . range where Ly 2 41
" resonant condition:is met for electron T 80 Ll
- . .'. s e o 8 g 4 SRR R R R s ilse ...... ...... e e e e . é
impacts at equator (depends on SEY) g T
@ R ; : ; ; < S
§10° /\ 40 -1 : ' : :
g - | Processing is expected to e S
_ reduce SEY.and.therefore.. | () Eace = 21 MV/m
= - reduce multipacting: 1085
@ ' : : : : _ 1o3
1079 - - - e e [ ........... n 5102‘5
: % 102
" 1015
10‘ ..................... AAMAMAMA, ...... co . 101
40 50 60 70 80 )
z axis [mm]

7/1/2019

Eacc [MV/m]

Pasi Yla-Oijala, “Electron multipacting in TeSLA cavities and
input couplers,” Particle Accelerators, Vol. 63, pp. 105-137 (1999)

Sam Posen

£= Fermilab



A Wed 2019-03-27 07:46:33 F1.3-16 Usable Gradient

Starting with cavity #6 this morning.
Begin at 19.5 MV/m - quickly quenches
19 MV/m - ditto

18.5 MV/m - ditto

18.25 MV/m - 1 minute

Must stay on for one 18 Wi bagun ot 0743, anded at 0747

17.8 MV/m begun at 0748, ended at 0749
hour WithOUt tri to 17.5 MV/m begun at 0751, ended at 0808.
p 17.25 MV/m begun at 0809 and off right away.
_~ Let's try some processing. (40 minutes at 21 MV/m, see plc
set E acc usa b Ie 30 18 MV/m begun at 0936, and remained stable to 1036 (1 hr
— =-==Heater [W]
PLYERE Eacc1 [MV/m]

18 5 MV/m :1036-1136 (1 hr)
MV/m: 1136-1236 (1hr)
Eacc2 [MV/m]
-------- Eacc3 [MV/m]

T pped on the y to 19. S.N”
20 Eacc4 [MV/m] ‘

i PN 7 ] P Eacc5 [MV/m|
JLab / Fermilab Eacos IM/m)
-------- Eacc7 [MV/m]
= mgmgm | e Eacc8 [MV/m]
experience differ « swsioss
Supply T [K]
5 K supply [K] : : :
[ = 5 K return [K] : H : B i ~
5K return 2 [K] 5 : o :

See | TUP038s. 0 e

Fosen

1021 - _ S - - - I . - - - - - - - -
—— Chipmunk 1 [mrem]
~—— Chipmunk 2 [mrem]
—— Chipmunk 3 [mrem]
Chipmunk 4 [mrem]
— Chipmunk 5 [mrem]
Chipmunk 6 [mrem]
—— Chipmunk 7 [mrem]
~ Chipmunk 8 [mrem]
Fox North [mR/hr]
Fox South [mR/hr]
-+ Dark Curr Feedcap [nA]
—-Dark Curr Endcap [nA] e
[ Chipmunk North SC [mrem]
L Chipmunk South SC [mrem]

T T T
Lo

T
L

Time [day]



Outline

1)

Issues:
« Cavity = Flux Expulsion
- CM=-

1. Field Emission / Multi-pactor Discharge
2. Microphonics = Active Compensation with fast tuner
3. Shipping

Plans

51



Cavity Detuning C. Adolphsen

_ o1 AL
- Required RF input power (P,) depends on the beam current (l,), beam phase (¢,) and cavity s
voltage (V.), R/Q, detuning (Af.) and QL (~ coupler Q_,) as
V2 f 2
P(Q,, f)——[( ——QL COS¢;,J (ZQL ——QL Sln¢hj ] Detuning Distribution Measured
YRIQQ, |\ V. 0 fore at FNAL for CM06 — 30 minutes
165 F1.?:-06 BackgroTund -2017/11/10 “ ‘
LCLS-“ Q 41 e7 . ?AiCamfs_an.a HzPeak/RMS%%
L t 30 Minutes at 1 kHz | Cav2: 8.2/1.6 Hz Peak/RMS | |
LCLS-II-HE Q, 6e7 ol — | Gava. 82015 1z PeskdRS |
L § Cavb: 8.5/1.3 Hz Peak/RMS | ]
I / : Cavé: 7.0/1.1 Hz Peak/RMS | |
[ Al Y |——Cav7: 7.0/1.2 Hz Peak/RMS | |
* RF power depends quadratically on microphonic 103; ;/ W cave 754 Hz PeaklRIS) |
cavity detuning 2 | i
* For a Gaussian distribution with sigma =1.7 Hz S
10% ¢ 5
only one cavity per day in the linac would
exceed our 10 Hz max assumption - measured
sigma’s are typically < 1.7 Hz “ ]
* Can use active detuning compensation with
piezo actuators if needed. s q0 0 5 10 15

Detuning [Hz]



Thermo-Acoustic FNAL CMTS/LCLS-Il pCM/Cavity 4/2016-12-28
Oscillations

2 valves in each CMto 3
manage heat load - £ -
88W (~8x EXFEL) & o
. 2 {25
® B 125 13 13.5 14 15 15 15.

Time [Hours]

2]
0 005 01015 02 0.25 03 035 0.4 045 0.5 0.55 0.6 0.65
Length from Warm End [m]

(b) p il
180K Q0K 32K 16K 8K

B ———— 53




Fast (Piezo)
Compensation

Fermilab LLRF
J. Holzbauer, W.

Schappert

Successful
demonstration using
standard LCLS-Il LLRF
hardware.
Compensation typically
not needed to achieve
10 Hz detuning spec
during test

FNAL/CMTS/CM9 2018/03/25

10° .
E ——Cavity 1:6=2.9 1
Uncompensated ===\ ——Cavity 2:0=1.9 3
e = - Cavity 3:0=5.8 -
C10°F N ~—Cavity 4:0=2.8 2
o E \ Cavity 4:0=2.8
Ll N\ —Cavity 5:0=16 |
B 3 - -Cavity 6:0=2.6 ;
g 102 E | \: —Cavfty 7:0=17 3
= F | 1 —Cavity 8:0=3.5 ]
=) =]
=2 E
107 ¢
108 ] B —1—
: ——Cavity 1:0=2.0 (68%) -
- Compensated ——Cavity 2:0=1.2 (62%)
8 4f Cavity 3:0=1.6 (27%)
S 107 ¢ SE— z i 0 E|
0 2 Cavity 4:0=1.8 (62%) =
L —Cavity 5:0=1.3 (81%) |
ks : Cavity 6:0=1.9 (75%) -
g 102 -—Cav?ty 7:0=1.8 (111%) ,
= E —Cavity 8:0=1.6 (46%) -
= E |
= 3
10°F
| | | i | i

-20 -15 -10 0 b 10 15

Detuning [HZ]

N
o



Optimal Qext and Allowed Gradients: LCLS-II-HE

* Anincrease of Q. from 4.1e7 to 6.0e7 reduces the required SSA power as shown in the left

plot and increases the allowed maximum gradients by about 1 MV/m
- Will likely optimize Qext for each cavity depending on its gradient and peak detuning

* With this choice of Qext, the right plot shows the allowed gradients as a function of SSA power

and beam current (nominal currents are shown by asterisks)

SSA Power Required (kW)

6 T T T
Detuning = 10 Hz

o
o

20.8 MV/m @ 31 uA

al 18.0 MV/m @ 62 uA |

@ >

o
T

»
5}

Coupler Qext (1e7)

3.5 4 4.5 5 55 6 6.5 7

Max Allowed Gradient (MV/m)

28
27

NN
a O

24

= - = N N N N
~ © © o - N w
T

Q. = 6€e7 |

I 7.0 kW |
I 5.0 kW |
| 4.2 KW |

10 20 30 40 50 60 70
Beam Current (UA)

o

()

IJ...
¢

»
)
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Outline

1)

Issues:
« Cavity = Flux Expulsion
- CM=-

1. Field Emission / Multi-pactor Discharge

2. Microphonics

3. Shipping — Recovery from serious setback
Plans
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Unloading at SLAC'’s
grade-level entryway

Loaded into shipping frame
and ready to leave Fermilab
for SLAC




shipment to SLAC:
two severe beamline loss-of-vacuum incidents

2 shortcomings:
1) semi-trailer shipping frame springs were too stiff and

2) the FPC central floating flange’ was insufficiently restrained
—> resonantly driven

Failure of cold-side FPC bellows:

 The coaxial FPC is articulated and can move ~10 mm for cool-
down.

« Central flange pair and thermal anchor shroud weigh 5 kg
* no mechanically stiff connection
 oscillates at roughly 15 Hz natural frequency

58



FPC central flange-pair and
shroud

Fundamental
Power Coupler

G-10 block (below
FPC) showing side to
| side rubbing




‘Damaged Bellows:
Fatigue failure from
cyclic motion




Power Coupler Bellows Fatigue limit

Fatigue
o 100,000,000
prediction
10,000,000
(from
o 1,000,000
manufacturer) <
o 100,000
Bench Tests G )
ZD 10,000
(done by BNL)
1,000
100
Specification
(readily
achieved)

Rl Bellows (Avg Thickness = 161 um)

Cycles vs Lateral Displacement (0 Axial Displacment)
[
Our *
data
fall within
this range.
2 4 6 8

Lateral Displacement, (Peak To Peak)
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Fixes:
Implemented 11.2018

g
Improved shipping frame spring configuration
8 Springs
. . 3 Cryomodule
Shipping frame — Créomod:le Support
. uppo
reduce springs 4x w \
Add neoprene spacer
and cable tie
Reconfigured CM isolation frame springs: ;Freqms:;oicsssmz
(done through access lowered frame Z motion resonance from o
ports after test; 13 Hzto 7 Hz o Al
ﬁ ‘-'«.' 'I‘ 1§
Removed at SLAC) g " | ,.‘ﬂ" |
Constrained bellows motion: P Yy

M. Ross, SLAC. 19th SRF Conference, Dresden 01 July 2019

increased coupler Z motion resonance
from 15 Hz to > 30 Hz

107
107 10° 10! 102
Frequency (Hz)



Neoprene restraint with cable tie

Neoprene constraint sits on G-10
block, held with tie-wrap.

Limits Z (coupler lateral) motion
but permits axial movement.
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Outline

Issues:
« Cavity = Flux Expulsion

- CM->

1. Field Emission / Multi-pactor Discharge
2. Microphonics
3. Shipping

Plans: LCLS-II-HE

()
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LCLS-Il CM testing:

Fermilab tests: 17/19 m B =
JLab tests: 12/21 sRRNES
15/35 linac-ready at SLAC

* Expect to finish CM shipping March 2020 N ﬂ ﬂ

<E_aCC> CM = 185 MV/m, ' Q16 MV/m, 2K)

- Need 2.5 MV/m more for HE-> R&D (Gonnella)
<QO0> - = 2.8e10, > OK for HE

« (recent LCLS-Il QO results excellent; provide margin)
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LCLS-lI-HE Parameters:

o1 AL
@l B 0%
HE Cavity Vertical

Parameter Value Units Acceptance

Energy GeV

Beam | 30 uAmp | Parameters |Numbers  |Unit

(@8 GeV) E acc  [EFK MV/m

New 20 p— T >2.5¢10 (at 16 MV/m)

Cryomodules o <10 nQ

55 CM Installed Field >22 MV/m
(add’l + spare) 1 each emlssion
Cryoplant cap. 8 KW@2.0K Onset

SSA 7 kW
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8GeV 1 MHz FEL timeline:

m SRF Production Milestone

Jan 2020 LCLS-II-HE CM procurement underway

March 2020 Last LCLS-II CM shipped to SLAC; LCLS-II prototype in
assembly

June 2020  Improved cavity process; Prototype CM in test

Mid-2021 LCLS-II first beam

Begin 2023 LCLS-II-HE CM assembly complete (20 each + prototype)
2025/2026  Two 6-month downtime for LCLS-II-HE installation

Early 2027 Commissioning LCLS-II-HE

M. Ross, SLAC. 19th SRF Conference, Dresden 01 July 2019
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MOPO045 p. Gonnella, SLAC

HE CaVity S _ ! TUFUAS3 A. Paiczewski,
1 I JLAB
Process under . g !
development: g |
2/0 §
3] .
] |
9-cell result, ! + ~
06.2019 & .
i |
2 | |
4 |
1 |
|
B 2/6 Doping :
2/0 Doping :
] LCLS-Il HE Operating Spec [
| |= = = 'LCLS-Il HE Gradient Spec :
1 I I I I I I I 1
0 5 10 15 20 25 30 35

E_ [MV/m]

acc



LCLS-II-HE Principal Technical Risks

o1 AR

1.

Can the LCLS-Il cryomodules operated at an average gradient of
18.5 MV/m?

° LCLS-Il CM cavity testing encouraging
* linac integration and commissioning 2022

Can LCLS-II-HE build cryomodules that operate on average at 20.8
Mv/m?

* R&D plan underway; prototype CM spring 2020

Can the LCLS-II-HE linac be operated reliably in the
multipactoring band (17-23 MV/m)"? With acceptable field
emission?

* LCLS-Il testing planned this summer 69
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Retrospective

»
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 LCLS-II CM performance meets requirements
« >Notable achievement by the JLab/Fermilab team<
 (started closeout process for LCLS-II CM)

* Five-year period has been extraordinarily productive;
setbacks notwithstanding

« HE R&D encouraging, N-doping giving improved
performance
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