FFA@CEBAF Working Group|Minutes
Meeting date | time 10/13/2023 | 11 AM EST | Meeting location 
		Meeting called by
	Alex B

	Type of meeting
	Weekly Meeting

	Facilitator	Alex B

	Note taker	Ryan

	Timekeeper	Alex B



	Attendees
Alex B, Ryan, Roger, Reza, Alex C, Scott, Edy, Donish, Andrei, Dejan, Vasiliy


Intro Discussion
· Alex B asked Alex C about update. Encouraged to make tech notes.
· Alex C is working on 3 drafts, plus a paper already
· We haven’t spoken much about our LINACs – so Roger is here to discuss them today.
· Assuming 1.1 GeV LINACs
Agenda topics
Time allotted | 25 mins | Agenda topic CEBAF SRF LINACS | Presenter Roger
· 10 years in SRF
· Used to do normal conducting accelerators, SC magnets, particle physics, etc…
· Start with short overview of RF cavities, then our specifics
· We assume 1.1 GeV – right now it’s 1.09 GeV (and have trouble reaching that in a stable way)
· [image: ]
· [image: ]
· [image: ]
· Up in frequency, you can reach higher fields
· [image: ]
· 120 MV/m in a few hundred nanoseconds
· 300 MV/m reached 
· [image: ]
· Great for long pulse trains
· 60 MV/m in a single-cell cavity is the current record
· Normal operational cavities reach ~30 MV/m
· Lower than normal conducting, but long pulse trains and higher duty factors
· [image: ]
· Magnetic field highest at surface of cavity (AC field) – surface currents
· E field is highest at beam
· [image: ]
· This is animated in the actual slides.
· [image: ]
· CEBAF uses pi-mode. Basically multi-pillbox cavities. Can only have a bunch in every-other-cell
· Different modes for different filling factors
· [image: ]
· CEBAF usually on crest. But can use off-crest for bunching/de-bunching
· [image: ]
· Stored energy to power loss
· For SRF cavities, on order of 10E10
· [image: ]
· [image: ]
· Second part from microphonics
· Need more power to overcome microphonics
· See TN from Lia for math
· [image: ]
· Mainly from surface imperfections and contamination
· Can get electron emission in high-field areas
· Can create secondaries, electron cloud production (multipacting)
· This eats up power
· Heats the cavity – increased heat loss gives less margin b/w operating state and quench
· Electrons can be captured by RF field and accelerated and impact beam quality and cause radiation (neutrons, etc…)
· To minimize this, clean the surfaces
· Electropolishing, ultrasonic cleaning, mechanical methods, high-pressure rinsing
· Mostly, assemble during cleanroom 
· [image: ]
· Reza question on Kilpatrick limit – sometimes we have 2 Kilpatrick, etc… Is this a hard limit?
· Not intimately familiar to what multiple Kilpatricks mean. The one in the plot on slide 4 is on any metallic surface. Related to the frequency and the electric field. It’s also related to the time that we apply the field.
· For CLIC or NC accelerators, look at amount of breakdowns per second to see hot affects accelerator.
· Reza – I just remember on separator design, set voltage on surface higher than 1 Kilpatrick. As long as below 2 Kilpatrick, it was OK. Why is it not a hard limit?
· Roger – depending on the cavity
· If you have a new one, you can put the RF field up high and it wouldn’t work well. 
· After, the copper surface looks horrible from breakdowns, but then would work better
· Detailis not fully understood yet.
· Reza – RFQ cavities – need to condition at the beginning – the shiny surface isn’t a good surface. 
· [image: ]
· [image: ]
· 26 OC5s still in use in CEBAF
· NL has two OC7s
· Renaissance no longer exists
· LL = low loss (C100s)
· C75 is based on Cornell style, but reshaped for LL
· Ryan – is this up-to-date with the new injector?
· Yes
· [image: ]
· [image: ]
· Reza – do you test microphonics before install?
· No – we only measure in the tunnel. We could measure during testing, but not much we can do. It’s a design issue.
· When testing prior to putting it in the tunnel, we want to make sure it can reach the gradients and at what level we get field emission onset, and if we can tune to the right frequency. Also heat load.
· [image: ]
· Less loss in C75, higher gradient
· Cavities are like accordians. Press/pull and change resonant frequency
· [image: ]
· [image: ]
· Doing this manually creates magnetic dust, and that can cause FE
· [image: ]
· Data from mid-90s
· Half from FE, rest is quench/arcing mainly
· 96-98 – helium processing helped gradient (about 1 MV/m/cavity)
· [image: ]
· F100 has same style as C20
· C100 has LL shape (flatter) gets higher fields
· Easier to compress/tune
· Much more sensitive to microphonics
· Stiffener ring added in first few cavities – but to save money, these were removed
· This is why we have the microphonics issues
· LCLS cavities have the stiffener rings
· Smaller helium tank
· Thunderstorm detector:
· Vibrations
· RF cables
· [image: ]
· Reza – field emission can go up to 100 MeV – in one cavity?
· In one cryomodule
· Can extend to another cryomodule b/c electrons travel?
· Yes
· Only checked single cryomodule so far
· [image: ]
· Basically one vibrating spring
· Original tesla shape more elliptical (1992)
· LL shape and re-entrance shape for higher gradients
· Re-entrance shape hard to clean, not used
· LL shape is similar to what use with C100/75
· [image: ]
· Beam tube is smaller than cavity aperture – get electron emission, then neutrons
· Why different size tubes?
· Copied from elsewhere.
· C100 designed for FEL, which has a relatively high current. Want larger tube for higher current
· [image: ]
· Very good at damping microphonics damping
· [image: ]
· Boron-Nitride Nanotubes (Kevin Jordan)
· [image: ]
· Current run faults in C100s and C75s over 31 days
· Red are microphonics
· 1L23 (elliptical style) and 2L26 (BNNT)
· Bean bags on tuner stacks
· [image: ]
· [image: ]
· Serious problem at vacuum valves. The black powder is the seal
· Seal is essentially gone
· [image: ]
· [image: ]
· Most electrons are low E, but get to above 80 MeV
· Neutrons start at about 8 MeV
· [image: ]
· Plasma processing improved most cavities.
· Got an extra 60 MeV+ in SL
· [image: ]
· Don’t reach the energy we want to reach still, but improved
· [image: ]
· Could add 5 more C75s in SL, get higher heat load, so lower the heat load into LERF
· For CEBAF upgrade with 3 cryomodules in LERF, need to revisit head load limits 
· Previous study in 2022
· [image: ]
· Scott – let me ask a lot of questions:
· Talking about LL cavity shape, the statement you made was you get higher gradients. Shape optimized for loss rather than gradient? Why get higher gradient for LL cavity?
· Lower losses, less heating, more margin to go to higher gradient. Maybe not as high as high-gradient cavity, but higher than with losses
· So what ultimately limits in terms of gradient? Heat load, FE?
· Combination of heat load, pipe diameter, FE, quenching, microphonics
· FE makes radiation, neutrons, etc…. 
· FE doesn’t stop you until it’s too high. Makes radiation + heat and therefore loss
· Table of faults: when you have a fault, what’s the recovery time?
· Depends on the fault. Seconds usually
· On the physics side: if the experiment loses the beam, then recover, recover experiment, etc…
· Usually get 5-10 faults per hour
· In step-downs, why are they sharp and not tapered?
· Not sure. Not involved in those designs. I think it was just easier to build it.
· Removed stiffener rings to save money. Do you really save much?
· Yes – it simplifies. Need more e-beam welding, so this reduces that. 2 pieces need 4 welds
· Easy to argue about it in hindsight
	Action Items
	Person responsible	Deadline
	
	
	

	
	
	


Time allotted | 10 mins | Agenda topic AOB | Presenter All
· Dejan mentions the “enabling language” for FFA in the LRP
	Action Items
	Person responsible	Deadline
	
	
	

	
	
	


Special notes 

Pathway to Repository: https://jeffersonlab-my.sharepoint.com/:f:/g/personal/tristan_jlab_org/EqZ5MeS-nipCgPfZB5p0oS4B9Is67d3nQb9sLJI3Zyev9g
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SRF Operations

Courtesy Tony Reilly

+ Fully faceted

- Beam support, vacuum technology,
Engineering (multidiscipline),
Fabrication, Cryomodule Assembly,
Welding, Cavity Processing,

Test and Measurement, Technical
Services, Software Systems,
Project Support

SRF System
Performance
Recovery

SRF System
Performance
Monitoring and
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* Infrastructure fully capable of

starting with sheet metal to

delivering qualified cryomodules

- major components procured from
Industry

+ Primary end-users:
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SRF System
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Roger Ruber | CEBAF SRF Primer 3
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Accelerating Cavity Basics

» aresonant structure...
- power delivered replaced by extracted power + losses
- decreased damping at natural frequency of the structure
- time-varying electro-magnetic field

()

[ current density

« surface magnetic field causes surface currents
- causes local heating

temperature
®

+ superconducting cavities
- field must stay below a threshold value, or the cavity will "quench”.

» normal conducting (resistive) cavities
- local heating leads to mechanical stress and deformation,
- with pulsed RF, this can lead to fatigue stress issues,
- heated surface can affect the RF breakdown.

Roger Ruber | CEBAF SRF Primer 4 Je on Lab
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Normal Conducting RF Cavities

H Ic High grad s, but only if
- use water cooling - high frequency

- low duty factory - short pulse lengths: < 1us

« Manufacturing - limited by RF breakdown: Y

- no special chemical procedures, no clean room « Suitable for high frequencies
ta = i 1Ivg dz - smaller structures cq. equipment
= il
- order <100 ns (~ms for SCRF) « Well suited for small accelerators
- design for standing or travelling wave - industrial and medical applications
- university

11.4 GHz structure (NLC)

12 GHz structure (CLIC)

Roger Ruber | CEBAF SRF Primer 5 JefferSon Lab
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Superconducting RF Cavities

+ High efficiency due to low Ry ace * Record 59 MV/m achieved with single cell cavity
- standing wave cavities with at 2K (1.3 GHz)
low peak power requirements - multi-cell in operation ~30-35 MV/m
1
P, =const— x G* « Limitations:

loss
0 . . N
- Field Emission

- but expensive cryo-cooling * due to high electric field around iris

= lw x P, * due to contamination (particulates)
o Loree . - Quench
P, =700xP, « surface heating from dark current, or
» High manufacturing requirements + magnetic field penetration at “Equator’

0

- chemical processing, clean room Niobium Cavity

RF Antenna He Pumping Port

RE, LL, IS, new-RE shapes.
0

» Long pulse trains (long fill time)
- favourable for in-pulse feed-back Liquid He Bath

Electric Fields
0

Beam Path

He Fill Port,

Vacuum Insulation

WU 9y 95 97 w9 w03 05 07
Date [Year]

o Jefferéon Lab

Roger Ruber | CEBAF SRF Primer
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Pillbox Cavity

» Solve the Bessel functions

- zero order Bessel function
Jo(kc.r) =0 at k.r = 2.405
- electric field parallel to the wall is 0

+ Accelerating mode is"TM,,,
- indices refer to polar coordinates ¢, 1,z
- fundamental mode forl =1,m =0

- does not depend upon the length
of the cavity

) simple pillbox b) Pillbox with beam tube

©) TMazo electric field ) TMexs magnetic fidd
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Pillbox Cavity = One Cell Structure Courtesy Erk Jensen

» beam pipe is a circular waveguide, below cutoff frequency
TMg1o-mode (only 1/8 shown)

Courtesy E. Jensen

electric field magnetic field

Roger Ruber | CEBAF SRF Primer 8 JefferSon Lab
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Standing Wave Multi-cell Structures

+ not all frequencies allowed
« cell length proportional to the beam particle velocity lce“ = IB],/ 2

EEepEe 5.5 S [ —

mode 0 z

Roger Ruber | CEBAF SRF Primer 9 Jef on Lab
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Synchronous Phase

For beam with particle velocity << c

» Two phases where amplitude equals design value:

- synchronous phase (S)
« stable phase (S)

« early phase (E),
smaller field/acceleration

- particle at higher speed
— arriving earlier in time
— less acceleration

« late phase (L),
larger field/acceleration

- unstable phase (U)

» The beam can not be continuous: bunched beam

Roger Ruber | CEBAF SRF Primer "
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_or
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Quality Factor and Filling Time

* Quality factor
- ratio average stored energy to power dissipation (loss)

ol
0=

« Fill time
- time constant to fill/lempty the cavity

20

Ty =—
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Equivalent Circuit and Beam Loading

+ Beam loading

- beam current “loads” the generator Cavity resonator equivalent circuit
- in the equivalent circuit this appears as a
resistance in parallel to the shunt impedance I(; Vv I];
_G, eap Pt : 3

- beam loading will cause the accelerating voltage
to decrease

« if the generator is matched to the unloaded
cavity, Genem@ ] T Hg @ Beam
» power absorbed by the beam is
-0.5 Re{V_acc I_b} Rp C L R L=R/(Qw,)
+ power loss P_loss=(|V_acc |*2)/2R B: coupling factor——~———" C=0/Rw,)
« For high efficiency, beam loading should be  R: Shunt impedance Cavity JLIC=R/O
high. -

- The RF-to-beam efficiency is
n=1/(1+V_acc/R|I_b | )=|I_b |/|I_g |
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Microphonics

Lorentz force detuning due to time-varying electromagnetic fields

If cavity coupling coefficient § >> 1, and on-crest beam
- required generator power

Py = m{ [EL + I[)QL(R/Q)]2 + |ELtan (wDT + arctan ( _ 2QL@))}2}

fo

Vpr = detune phase
- generator phase 3y = microphonics frequency offset
2ELQ; %

[EL + IoQL(R/Q)

Py = arctan

Reference and details:
*+ Lia Merminga, JLab Tech Note TN-95-019 (1995)
* Roger Ruber, JLab Tech Note TN-22-045 (2022)
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Field Emission

» Field emission caused by microscopic particulate contamination
- field emission is electron emission from a surface due to high electric fields
- secondary electrons can cause a self amplified build-up of an electron cloud

1 Knobloch, IEEE Trans. Appl. Superc. 9(2) 1999) 1016,

» Causes performance degradation

- increased heat loss and radiation [
- limits the operation performance of SRF accelerators _—
_ 0T |

« Several cleaning steps are used, however >

- not always successful |

- not all applicable after cavity or cavity-string assembly H.Saka ot a, Phys. Rev. AB 22, 022002 (2019).
« To avoid contamination, use cleanroom Example effect of field erfssion| o

- with very low concentration of airborne particulates .

« Risk of field emission is observed to increase after assembly
- new sources of pollution introduced

1 Knobloh, EE Trans, Apm Saper- 36 1999 1016
Roger Ruber | CEBAF SRF Primer 15 £e;‘?on Lab
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Potential Field Emitters and Mechanisms

F. Marhauser,
JLab Tech Note 12-044
and references there in

10 um height
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CEBAF 12 GeV

« Continuous electron beam to 4 halls simultaneously
- Emax 12 GeV ; | . 90 pA per hall ; Pol,,. 90%
- 5% passes to reach 12 GeV for Hall D

» Technical
- 1 polarized injector with 2% cryomodules, 18 SRF cavities
- 2 linacs with 25 cryomodules each, 400 SRF cavities total
- 10 arcs with ~500 dipole bending magnets
- >2800 quadrupole focus and dipole steering magnets
- 16 normal conducting RF deflectors for beam extraction
- >800 beam position monitors

1. INJECTOR

2. LINACS

3. RECIRCULATION
ARCS

Diagram representational of below ground structure
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CEBAF SRF Cavities and Cryomodules

Original Cornell/CEBAF shape €20, C50
oc7 7 Original Cornell/CEBAF shape F100, P1IR
HG7 7 High-gradient 12 GeV upgrade shape (with stiffener ring) Renascence{4/8 cavities}
LL7 7 Low-loss 12 GeV upgrade shape (with stiffener ring) Renascence{4/8cavities}
LL7 7 Low-loss 12 GeV upgrade shape (no stiffener ring) €100, R100
C75 5 Low-loss shape (slightly different from LL7) C75
T I ey

% CM

Booster 2 1

Cc20 8 1 11 14 1

Cc50 8 6 6

C75 8 2 i

F100/P1R 8 2

c100 8 4
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C20/C50/C75 Style Cryomodules

Based on Cornell SRF cavity design for a 100 GeV,,s e*e” collider (1497 MHz, n-mode, 2 K)

- waveguide input and HOM coupler, HOMs damper inside the liquid helium bath ;];%%
- coupler locations cause a beam kick o <5
A
- C20 | ‘ A

- built from cavity pairs assembled in cryo-units
- each cryo-unit has gate valves for full vacuum beam line isolation
- 4 cryo-units assembled into 1 cryomodule
- cryomodule has additional gate valves at each end
- gate valves have Viton seal (newer version with EPDM seal)
» C50
- refurbished/rebuild and improved version of the C20;
- high-pressure ultra-pure water rinsing
- cold window position moved
- dogleg waveguide between cavity and window, to prevent charge build-up and arcing at the window
C75
- as C50, replace Cornell shape cells with low-loss cell shape, keeping original end group
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C20/C50/C75 Style Cryomodules

» Assembly
- all beam line seals are Indium seals
« work well, but requires more effort to remove when rebuilding a cryomodule
- pair assembly has some difficult steps that possibly could introduce dust particulates
 inner adapter (considered most tricky and “dirty” assembly step)

* Vacuum
- beam line gate valve has a Viton seal, now replaced with EPDM, degrades due to radiation
- beam line feedthrough flange has a Viton seal to insulation vacuum, degrades due to radiation

* Microphonics
- overall ok, investigating intermittent issues with C75 tuner motors

» Operation & Performance
- Cavity pair and HOM couplers are all inside one single helium tank
* requires large amount of liquid helium (and we have limited storage when warming up)
- C75 Qgyemal lower than expected, determined by distance between input coupler and first cell
» can modify this distance to adjust the Qgyema Which in turn modifies coupling to the RF generator
- C75 performance is lower than expected
« improving the magnetic “hygiene” to lower residual field
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C20/C50/C75 Style Cryomodules

'G50.caVity, pair.

ALy g

Roger Ruber | CEBAF SRF Primer o Jefferson Lab
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C20/C50/C75 Style Cryomodules

Courtesy Jim Henry

Vacuum Higher Order 50 K Helium
V3557 Mode Damping Shield Vessel
4 .

Diameter | |l

e T

C20 cryo-unit

C75 cavity
with tuner

RPaner Rither | CERAE CRE Primer

Bracket for HOM waveguides New magnetic shield

C75 cryo-unit
B cryomodule warm-to-cold transition

o Eftarom | ok
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C75 Inner Adapter Installation Process Courtesy Chris Dreyfuss
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C20 Cryomodule Operation Limitations

Courtesy Charlie Reece

« Distribution of cavity gradient limitations (1995) Cavity performance improvement with
helium processing (1996-1998)
Other. 60

Before Processing
Quench £ 40
1 Watt FE loading ©

104 [l Arcing

60 FE loading
After Processing D & radiation

'E 40 - D Quench
E 30 [ other

Waveguide vacuum

Arc rate limited,

1 rad/hr from field emission g' 20+

C. Reece et al., Proc. PAC 1995, p.1512
https://doi.org/10.1109/PAC.1995.505269 0-
2 4 6 8 10 12 14

Maximum Accelerating Gradient (MV/m) cer 8/10/98

C. Reece, Proc. LINAC 1998, p.448
http://accelconf.web.cern.ch/AccelConf/I98/PAPERS/TU4025.PDF
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F100/P1R/C100 Style Cryomodule

F100 (FELO3) and P1R (SL21)
- original CEBAF cell style, with TESLA style antenna HOM coupler
- scissor style tuner design

R100(Renascence)—»rebuﬂd as a C100

d drive

C100
- low-loss style, but built without stiffener rings to safe costs
« first 3 series suffered from microphonics issues
« remaining 7 series, tuner with enforced pivot arm plates
«+ latest C100R refurbished with so-called BNNT cartridges for tuner damping
- scissor-jack style tuner with warm drive

: _u‘dh‘dh'-qi.d#‘m&"q‘. Tl | ',;‘._.z‘.,u‘a.,r‘u‘\.l‘.k)

F100/0C7 cavity £ €100/LL7 cavity

Roger Ruber | CEBAF SRF Primer
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C100 Style Cryomodule

» Assembly
- all beam line seals are Indium seals, requires more effort to remove when rebuilding a cryomodule
- cavities inter-connected with radial wedge clamp, requires some effort, potentially “dirty”

Microphonics

- cavities built without stiffener rings, the low-loss shape makes them more sensitive

- cavity string built without internal bellows, makes the string sensitive and vibrate as one large spring
- improved microphonics by strengthening tuner plates, install bead bags and struts

- latest rebuild (C100-10R) has BNNT cartridges to stiffen the tuner

Vacuum
- beam line gate valve has a Viton seal, now replaced with EPDM, degrades due to radiation

Field emission (FE)

- no C20 like inner adapter that collimates at same diameter as CEBAF beam tube

- cavity phasing is such that FE electrons are accelerated in both directions, up to 100 MeV
« cold-to-warm step-down stops FE electrons and generates neutrons

Operation & Performance

- HOM loads initially only installed on cavity 1 and 8 due to cost cuts, consider for all cavities when
increasing the current
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F100/C100 Cavity and String Layout
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C100 Style Cryomodule Courtesy Jim Henry and Frank Marhauser

F. Marhauser cryomodule end cavity
TN-12-044 HOM endgroup HOM endgroup

tube @ =1.37"

double rf vacuum window
- configuration

gate valve | FPC FPC gate valve
~1umm s> re

thermal heat thin (~1.6 mm) SS wall vessel head
intercept (1/2"thickCu)  at step down position

3 mm thin Nb walls

F. Marhauser
TN-12-044

cavity

end cell
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BNNT Modification to cryomodule in position 2126

Tuner Tab Saddle Block

Rods under tension BNNT cartridges under tension.

The threaded rod ends opposite the cartridges are not constrained
should the assembly be put into compression.

BNNT pellets are inside the cartridges.

The BNNT pellets are under compression and act like a dash pot,
e.g. a spring in a damping medium.

The design of the cartridge is proprietary.

Tom Powers | Gradient Task force | 09 Oct. 2023 29

X

on tuner tab which is welded onto the helium vessel.

- [ <
=
£
n

Threaded rods with BNNT cartridges.
JefferSon Lab

Courtesy Tom Powers
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C100 Microphonics

Courtesy Tom Powers

» All data taken in 2021,
except 1L26 and 2L26 in 2023

- In general the data is repeatable
from year to year

» 2126 (C100-10R) with BNNT
modifications is the least noisy
one in the machine

» 1L23 (F100) has different cavity
type (original CEBAF cell shape)

Peak Microphonics for 3 minute data sets.

# 1L26 No mitigation A 1126 with dash pots
© 1123 (F100) * 1124 (Bead Bags 1&8)
° 1125 ® 20122 (WG and Tuner Damper)
2123 4 2124 (C100-1 WG, Tuner Damper, Bead Bags)
4 1125 (C100-2 Bead Bags) + 1126 With bead bags
X 2126 BNNT Mod and Bead Bags
60
.
50 4
z .
7 40
€
£ 1§ ¢
230 & s * $ . i
5 . i . b e
H o z i by i ¥ H
1 : 1
a +
10 x b 4 2 © L3
7 o x £ 1 x
x X
0 5
0 1 2 3 4 5 6 7 8 9

Cavity in Cryomodule
Courtesy Tom Powers
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C100 and C75 cavity faults by zone for the run and the past 5 days,c., tom owers

N = 1416 Classified Faults, T = 31 Days, Sep 09 to Oct 09 N = 254 Classified Faults, T = 7 Days, Oct 03 to OQE 09
250 80
1000 200
gum 70 @ 150
200 | 2600 Z
z 60 | 2100
Fao 3
2 e s0
150 | *° 50
° o
40
100
30
50 2 20
0 1.8 | 1 T1! 0 L L . l l
0L04 1105 1107 1110 1122 1123 1124 1125 1126 2122 2123 2124 2125 2126 003 1105 1107 1010 1122 1123 1022 125 1126 2122 2123 2124 2025 2126
= Fast Quench = Microphonics ®interlock Faults = Multi cavity turn off Fast Quench = Microphonics minterlock Faults 8 Multicavity turn off
= Controls Fault = Quench 3ms  Unidentified A
= Controls Fault uQuench3ms  Unidentified

Long term microphonics dominates as an issue.
A lot of this has to do with the new control algorithm
Rama has been working on improvements to the controls

If we were going to do bead bags tomorrow we should do cavities 4 and 5 on 2L24 and the remaining 5 cavities on 1L24
maybe just steal the bags off of 2L26 as | suspect that it like 1L07 and 2L23 would be fine without them.
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C100 Field Emission

» C100 cryomodule
- does not include an inter-cavity adapter like the original C20 cryomodule
« C20 inter-cavity adapter inner diameter smaller than the cavity end group/end cell inner diameter
* C100 cold-to-warm transition has the step-down to the CEBAF beam tube diameter
- cavity-to-cavity spacing equal to an integer multiple of half of the electromagnetic (RF) wave length

» Field emitted electrons can
- more easily escape into a neighbouring cavity, and
- are more easily captured and accelerated by the RF fields from cavity to cavity in both directions,
- are collimated at higher energy in the cold-to-warm transition
~10mm SS He

thermal heat thin (~1.6 mm) $S wall vessel head
intercept (1/2"thickCu)  at step down position

3 mm thin Nb walls

cavity

end cell

f
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C100 Field Emission — Radiation Damage

» C100-9 MLI damage » C100-5 gate valve damage

&
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C100 Tracking Field Emitted Electrons

Lo, M i
it [N -
e I“ 1 s

W

Tracking during the first 1.6 RF periods

After 38.3 RF periods, passing through the 8th
cavity to the cold-to-warm step-down at the
opposite extremity of the cryomodule.

In the front view at left, the inner diameter of
the warm girder beam tube is shown in yellow.

The electrons originate on the 1% RF cycle ina 2
cm band inside cavity 1 at the cryomodule
extremity at right (top) and are tracked for 38.3
RF periods reaching a maximum energy of
approximately 95 MeV when reaching cavity 8 at
the other cryomodule extremity at left (bottom)
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239 mev

10.0 RF Periods

182 Moy
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30.0 RF Periods

38.3 RF Periods

In the 8™ cavity
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C100 Field Emitted Electrons

« Energy distribution of field emitted electrons stopped at the step-down at the cryomodule
extremity.

» The right hand histogram is a zoom in of the left hand histogram,
showing the low count numbers in the higher energy bins.
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C100 Plasma Processing Results Courtesy Tom Powers

Improvement in Field Emission Onset N=44 Cavities
+ C100-5 Processed as part of the development program Cryomodules 2L22 - 2L.25, (in Situ), C100-5 and C100-10R (in Test Lab)
with argon/oxygen in test bunker prior to rebuild.

+ C100-10R Four cavities processed with helium/oxygen
in test bunker prior to installation into CEBAF.

« 2L22 - 2125 Processed with helium/oxygen in situ in the
CEBAF accelerator.
+ Field emission onset data was taken opportunistically in
February and March 2023.

+ Beam line valves were replaced as part of the preparation
work for plasma processing.

Number of Cavities
© = N W »d OO O N @

« 4 cryomodules (32 cavities) processed over a 3 week period

in May 2023. 6 5 4324012 3 456 7 8 910
«  Post processing field emission onset data taken in July 2023 Gradient Improvement (MV/m)
at the end of the scheduled accelerator down. FEFree  FEFree After
. L. . N Before (MeV) (MeV) Delta (MeV)
» Field emission free operation was improved
- - C€100-5 59.7 715 11.8
by 60.4 MeV with an average improvement 100208 5.6 105.4 08
of 2.7 MV/m per cavity - > .
Ack e " 2122 54.2 65.3 111
cknowledgements
Preparation, and vacuum work supported by staff from the SRF 2123 70.6 86.7 16.1
cryomodule assembly group, SRF clean room group, CEBAF 2124 54.6 72.3 17.7
vacuum group and the EES department RF group.
2125 62.7 78.2 15.5

Tom Powers | Plasma Processing Resuilts | 07-Aug-2023 36 .J.gtfe?on Lab
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C100 Integrated Energy Reach
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Cryomodule Heat Load Courtesy Gigi Ciovati

* Heat load estimates from cryogenics group

|| currentOperation (W) | MaxLoad from CMs (W) | __Margin (W) _|

North Linac + Injector 2770 + 225 3307 +230 ~500
South Linac + LERF 2281 +393 3843 + 256 ~1400

» Average heat load per cryomodule (June 2022)

N A Y T PP e

6.2+0.2 25+1 3.0+£0.2 55+4
C50 10.3+0.3 41+1 2.8+0.2 160+ 12 _—
C75 15.0+1.4 59t6 4.7+0.7 177 £ 25 _—
C100 15.3+0.6 86+3 6.9+0.5 153 +12 _—

» Main extrinsic contribution to Q, is from field emission (+ FPC window metallization in C20/C50)

* Heat load margin allows for
- North Linac: add 2 C75s (+244W, +68 MeV) and add 1 C100 (1L26, installed during 2023 SAD, +210W)
- South Linac: add 5 C75s (+610W, +170 MeV) — ~800W margin left
+ If C75 at 17.5 MV/m (69 MV), then heat load is 240 W (cryo limit) — 5 C75s needs 925 W — ~475W left
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Conclusions and Outlook

+ CEBAF installation has 418 SRF cavities in 52 4 cryomodules
- based on original SRF design from 1980’s
- we learned a lot and continuously improve our designs

Microphonics

- C100 low-loss shape cavities built without stiffening rings

- C100 string built without intervening bellows between cavities
- slowly improving stability, lately with BNNT style dampers

Field emission

- probable cause from pollution during assembly

- improved cleaning methods since 1990’s, but limited by design choices
« recently added C100 plasma processing for cleaning of hydro-carbons; further development ongoing
« LDRD study on cleanroom robot; replace gate valves with all-metal type; bake warm girders

Heat load
- limits number of cryomodules and/or gradient reach
- improve Qg through cavity processing

For new cryomodules, consider improvements with present knowledge & technology
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JLab SRF Achievements Courtesy Tony Reilly

Being first in SRF has resulted in many achievements
over the years.

SRF-Ops and SRF-S&T groups have...
of various types;

different
cavities;

« performed ;

most of which are in
operation.

And recently...we became !
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Roger Ruber | CEBAF SRF Primer 2 JefferSon Lab




