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Early Commissioning Experience and Future Plans for 12 GeV CEBAF (1)
Michael Spata (Center for The Advanced Studies of Accelerators )
Scope of the 12 GeV Upgrade 1)

0 new Hall

Cryomodule Commissioning

“LINAC
e

/. = Between May and November of last year 415 cavities were recommssioned
Adds "”f"::""‘"‘“ in advance of beam operations.
Gt o Sapplies * Measured:
¥ Maximum accelerating gradient
v Cavity Qgs

¥ Field emission surve
20 cryomodules Y

L
ff.T;l':::"fﬂ * Add 5 high performance cryomdules in each Linac  Type Neav <Gmax> <Q,@Gmax>
B linac and their associated LLRF Systems (MV/m)

z E, * Double the capacity of the Central Helium NL 20 120 8.61 3.91x10°
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Sy " * Upgrade magnets and power supplies for NL G0 40 L kl
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\BEHY 8 : v SL C50 47 11.55 3.81x10°
Upgradeb . + Add new beamlines for Arc 10 and Hall D .

L\J:L\&t\‘_‘b‘ﬁiiﬁﬁyéo + Add new experimental Hall D and upgrade SL C100 40 2.1 7.44x10°
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®* Three main goals for the November 2013 — May 2014 run period: 30
* Deliver 2.2 GeV Beam to the 2R dump.
10 — NL@2K §

+ Deliver greater than 6 GeV beam to Hall A and run first CW beam of . T
the 12 GeV era to an experimental Hall.

Percent
o
<

* Deliver greater than 10 GeV in 5.5 passes to Hall D.
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Early Commissioning Experience and Future Plans for 12 GeV CEBAF (2)

Commissioning Milestones 2 Optimizing the SRF Performance £
Run Period Dates Max. 5.5pass  Trip Downtime Goal
[ e Energy (% - min/hr)
1™ e ACC-Il Fall2014 11 GeV <20% <12
™ ; ACC-IV Spring2015 11 GeV <17% <10
H & Phy-I Fall2015 12 GeV <20% <12
|5 = - Phy-Il Spring2016 12 GeV <17% <10
£ " Snivntene W Phy-Il Fall2016 12 GeV <13% <8
2.2GeVideamon ARC 2 Viewer First data from Scattered Electrons in Hall A A SV BRI Er TR Ly Phy-IV Sprmg2017 12 GeV <12% <7
Phy-V Fall2017 12 GeV <10% <6
Phy-VI Spring2018 12 GeV <10% <6
Ultimate 12 GeV <5% <3

Multiple options for reaching the availability goals over time:

* Improve C20 trip models, maximize gradient/minimize trip rate.
* (50 program, one C50 refurbishment is in progress.

* Build more C100s.

* In-situ Helium Processing to reduce field emission.

¥ - )]
& oA Jefferson Lab & A Jefferson Lab

8 Hour Availability for 2.2 GeV Run Six Beams in the NL for the First Time

Q o
Helium Processing =M Future Run Plans 1)
Helium Processing of a C100 Cryomodule:
* Introduce helium gas into cavity vacuum space. Fall 2014 Run
* Run RF to clean cavity surfaces.
+ Warm up and pump down to remove residual gas. * Restore 5.5 pass beam to the Hall D Tagger vault.
« Improves high-field Q, reduces x-ray production and greatly * Deliver CW electron beam to Hall D Tagger and first photon beam
reduces incidence of arcing at the cold ceramic window. to Hall D for detector checkout.
BT e TP e * Commission the 499 MHz RF Separators and extraction beamlines.
reeenenes R \ freemenes S + Refine beam tuning procedures.
| =] » Study synchrotron radiation induced emittance growth in the
| ‘ upper passes.
i N . * Parasitic support of an early Physics run in Hall A and Hall B.
i 'I‘ J’i:f 2 ‘
’ T-3e2 . 41 "=
L Y% ";__ | l| I g dam
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Status of Superconducting Electron Linac Driver for Rare lon Beam Production at TRIUMF (1)
Bob Laxdal, TRIUMF

2 TRIUMF

*ISAC: World class ISOL facility
for the production and
acceleration of rare isotope
beams (RIB)

*Presently utilize one driver beam
at 500MeV and 50kW to create
RIBs for ISAC

*Now adding ARIEL to allow up to
three simultaneous RIB beams

widlc el ing S QM el O fiier
eloHISD moe mosenian
driver to create RIBs via
photofission

+Add a second driver beam from
the cyclotron

E-Linac

R TRIUMF

ARIEL Project (2010-2020)

ARIEL

E-Linac Specifications

500MeV
Cylotron

* The ARIEL E-Linac specification — dominated by rf beam loading
- 10mA cw at 50MeV - 0.5 MW of beam power
— Choose five cavities 100kW of beam loaded rf power per cavity
— two couplers per cavity each rated for 50kW operation

— Means 10MV energy gain per cavity

* Linac divided into three cryomodules
— one Injector cryomodule (ICM) with one cavity

— two Accelerator crymodules (ACM1, ACM2) with two cavities each

— Installation is staged - Phase | — includes ICM and ACM1 for a required
25MeV/100kW demonstration by end of 2014

2014

J\

50kW  50kW Il

] T
T oW Sow

J
2018

Why electrons? Why 50MeV?

* the electron linac is a strong
complement to the existing
proton cyclotron

Photofission yields high
production of many neutron rich
species but with relatively low
isobaric contamination with
respect to proton induced
spallation

An energy of 50MeV is sufficient
to saturate photo-fission
production — fits the site footprint
and project budget

- 500MeV protons

Neutron

Calculated in-target production for 10 pA, 500
MeV protons incident on a 25 g/em2 UCx target

S50MeV electrons L -

[Proton

Neutron

Sept. 1,2014

CR2TRIUMF

MOIOCO1 - Laxdal - TRIUMF e-Lihac

Calculated in-target production for 10 mA, 50
MeV electrons incident on a Hg converter and 15
g/ecm2 UCx target '

Electron Gun

+ Thermionic 300kV DC gun — cathode
has a grid with DC supressing voltage
and rf modulation that produces
electron bunches at rf frequency

* Gun installed inside an SF6 vessel

+ Rf delivered to the grid via a ceramic
waveguide

Parameter VETE

RF frequency 650MHz
Pulse length +16° (137ps)
Average current 10mA
Charge/bunch 15.4pC
Kinetic energy 300keV
Normalized emittance Spum

Duty factor 0.01 to 100%

Sept

9 voitage

_—
T
—

.::F: 4“:2

SF6 Vessel

1,2014 MOIOCO1 - Laxdal - TRIUMF e-Linac 10



Status of Superconducting Electron Linac Driver for Rare lon Beam Production at TRIUMF (2)

R TRIUMF R TRIUMF

ARIEL cavities Progress

+ The ARIEL cavities » Progress in the last year
— 1.3GHz nine-cell cavities Active length (m) 1.038
— End groups modified to RF frequency 1.3¢9 . :
accommodate two 50kW couplers R/Q (Ohms) 1000 CryOgle;"CS RCCRRIANCS iasis
and to reduce trapped modes Q 10 complete
0
— Large (90mm) single chimney . .
sufficient for cw operation up to 50W E, (M? /m) 10 . E-Gun_ and LEBT |nsta||_ed and
= Pow (W) 10 commissioned — MEBT installed
: i e Py (KW) 100
,,6--@&‘." wi"- -‘i.“ ||"Nv‘i"‘li".'-i'Nci',jli." Qe 1e6 +  Two klystrons and HV supplies
e — o Q1*Ra/Q of HOM <le6 installed and commissioned
*+ ICM assembled, installed and
78mm 96 mm

commissioned

« ACM assembled and installed

Damper (Cesic) Damper — (SS)

Sept. 1, 2014 MOIOCO1 - Laxdal - TRIUMF e-Linac 17

R TRIUMF

fRTRIUMF

LEBT includes an
analyzing leg and
diagnostics to
characterize the gun
emittance and set the
matching for the ICM

The electron gun and LEBT were
installed in February/March 2014

+ Bias voltage of 325kV achieved

+ 10mA cw achieved at 300kV

Screen images downstream

« TM110 deflecting mode of rf deflector show
cavity and high power manipulation of longitudinal
emittance rig

* Rf modulation with the ceramic
waveguide a success
* Macro pulsing demonstrated over a
broad range
* 100Hz-10kHz rep rates with duty
factors from 0.01-100%

emittance with the buncher

cavity at different voltages.

+ Transverse and longitudinal phase
space measured in LEBT

See THIOC02

E-Gun transverse and longitudinal emittance measurements

Ceramic Waveguide 350 kV, 16 mA HVPS

Sept. 1, 2014 MOIOCO1 - Laxdal - TRIUMF e-Linac 19
Sept. 1, 2014 MOIOCO1 - Laxdal - TRIUMF e-Linac 18

B FHi(X325kVETEIM, 7.6mm mrad@10mAZ T AR FIZTHEEE,



Status of Superconducting Electron Linac Driver for Rare lon Beam Production at TRIUMF (3)

R TRIUMF

2 TRIUMF

ARIEL Cavities

* Cavity vertical cold tests in

ICM Assembly

Mock-up assembly
of ICM used to test

+ After degas
| before ARIEL1
ISAC-II before and after re- S parts and
18410 ® procedures
process TR -
- o | " Final assembly
* Both cavities reach the temy = (aided by lessons
specified gradient of 10MV/m ] g learned from mock-
but at Qo=6e9 1608 - up) - completed in
o 2 4 6 10 1 (1 month B >
E, (MVIm) o Cavity hermetic unit (March 14, 2014) ICM top assembly
* For Phase | we have lots of
cryogenic power so derate e — ARIEL2
specification to Qo=5e9 — 20w

LoE+10 O

] .00‘ q.o.g-o 0........ * e
« Strategy is to utilize ARIEL1 o /

and ARIEL2 to characterize the
cryo-engineering of the

cryomodules and use ARIEL3 R
to optimize the process. I

12/052014

ACOT May 2014 - Laxdal 24

SR TRIUMF

ICM Cavity Performance

* Qg matches vertical test 10E411 1ExC + Took ICM off line for
so magnetic field N inspection
suppression is ok — Qo - Unjacketed

== Field Emission | 1.E+(

fundamental is not loaded | ... 2 e s tbe that
2 e amper tube tha
by the HOM dampers | yen = fits inside the cavity at the
% coupler end touched
* but... Lot E down on the Nb cavity
// b 1Es ; causing scoring and
* gradient limited due to / i creating particulate
strong field emission
g 1.0e+08 ﬁ-v—i—i—l T T T + LE+( .

0 2 4 6 8 10
E (MV/m)

+ Detective work ensued

VTTLI*10"10TOEILE /2 DFERKLT=HY. ZD55
ARIEL1Zjacket{t LTED a—JLIZFAAHRAATEEC A,
3MV/mMhrisfield emission Tt BlTI=&Z A, SSD
HOM damperhMEfiiL . EEDMME SN T-,

.
@

ICM mock-up — 2013

Sept. 1, 2014

Top assembly into tank ICM unit Complete (April 9, 2014)
MOIOCO1 - Laxdal - TRIUMF e-Linac 26

TRIUMF
Stainless steel HOM damper — coupler side

Inspection revealed that

Re-etched cavity and
assembled with added
support for HOM sub-
assembly

ICM is now in re-
assembly and due on line
in two weeks

Sepl. 1,2014

MOIOCO1 - Laxdal - TRIUMF e-Linac 34



R&D Efforts for ERLs (1)
Ralf Eichhorn Cornell University

s R&D ERL facility at BNL LINA

Education (CLASSE) 27* Linear Accelerator Conference

SRF gun cavity

= An ampere class 20 MeV superconducting ERL (R&D ERL) is under commissioning at BNL.

= This facility enables testing of concepts relevant for high-energy coherent electron cooling,
electron-ion colliders, and high repetition rate Free Electron Lasers.

= The machine consists of an SRF photoemission injector, an SRF accelerating cryomodule, a
recirculating loop, and a beam dump.

Courtesy of: Sergey Belomestnykh

| Linac 2014 Conference 10

Ralf Eichhorn ] Cornell University

Cornell Laboratory for

s Compact ERL @ KEK  (LIN

Education (CLASSE) 27 Unex Accelerako Sorfersee

Design Parameters of cERL Purpose of the Compact ERL

Maximum beam energy 35 MeV . To demonstrate the generation and
(upgradable to 125 MeV) recirculation of ultra-low emittance
Injector energy 5 MeV beams
(10 MeViin future) . To demonstrate reliable operations of
Beam current (initial goal) 10 mA our ERL components (photocathode
(long-term goal) 100 mA

gun, SC cavities, ...)

Normalized emittance . Initial goal: 1 mm-mrad

0.3 mm-mrad @7.7 pC

@bunch charge 1 mm-mrad @77 pC @7.7pC/bunch(10mA)
Bunch length (rms) 1-3ps
~100 fs with BC*
Accelerating gradient 15 MV/m
(main linac)
\ RF frequency 1.3 GHz

*BC : bunch compression

otocathode gun

/2114 Ralf Eichhorn | Cornell University | Linac 2014 Conference F

Cornell LA9} TIEBNLEKEKA AL TERLODRAD M HEA TULVH K
C. [EFH[EBerlin, Mainz Univ., $ECERNDEHEI D BN A H 1=,

First beam commissioning
at BNL

=  For the first beam test, a Cs3Sb cathode was fabricated and QE
has been measured at 0.25% in the deposition chamber.

=  During the cathode insertion into the gun and initial start of RF

Laser reflection power, there were several instances of vacuum spiking to 1e-
8 Torr range. These significantly reduced QE of the cathode to
the level, where it became impossible to measure the
photoemission current.

= However, a dark current was observed on a YAG screen and
measured by the Faraday cup (1.4 uA at a cathode field of
15 MV/m). Gun has been running with 40 msec pulses with
1 second interval during the dark current measurements.
Measurements of the dark current energy agree with RF gun
voltage calibration

* The low power beam testing will continue in September after
some improvements are mad to the cathode deposition
chamber and transport cart

= The ERL 1 MW beam dump is installed. Extraction line magnets
vacuum components are installed as well. We plan to start the
gun to beam dump test later this fall.

= After the recirculation loop is complete, we will be able to
demonstrate energy recovery with high charge per bunch and
high beam current. These experiments are planned for 2015

Sciences and

Dark current

Dark current image taken at beam profile monitor during energy
measurement at gun voltage settings 1.2 MV. Corrector current top 0.5
A, bottom 1 A, 7mm shift due to 0.5 A corrector change

corresponds to beam energy of 1.2 MeV

Courtesy of: Sergey Belomestnykh

| Linac 2014 Conference 1

e/2/14 Ralf Eichhorn | Cormell University

Cornell Laboratory for

Accelerator-ba: ciences and Beam Rec’rCUIatlon & Energy LIN
Education (CLA Recovery

Beam was successfully transported to the beam dump in Feb. 6, 2014,

Beam energy Acceleration parameters Beam param:
« Injector: 2.9 MeV « Gun voltage: 380 kV  Buncher: OFF « peak current: ~24 yA
# Recirculation loop: 19.9 MaV » Injector cavities: E,.. = (3.3, 3.3, 3.1) MV/im e macropulse width: 1.2 us
# Main-Linac cavities: Vc = (8.57, 8.57) MV « repetition of bunches: 1.3 GHz
« repetition frequency. 5Hz
« average beam current: ~140 pA

MS11 Gun FC

Beamdump.

Dumi FC MS31 (dump line)

< | _Main linac Injector.
h’\-,- uut ”"”!;t’”ﬁ‘q :

e ” -

BPM cT G. _4‘_“. 3

® Screen " DCCT 2nd arc : ®
g - "w > "oaapE " R TR TR o=\
. k . . Teeg p
MS15 MS17 MS19 Movable FC
9/2/14 Ralf Eichhorn | Cornell University | Linac 2014 Conference 13 ®




Cornell ClLinjectorE — LT AR 20134 LABEIT o TLVELYI5mAD max, IRTE (LT cell6 ZE
R&D Efforts for ERLs (2) FAAYDED 21— ILOHIEAMMTOTNS, SERDES 21— ILOMETFETET,

Cornell Laboratory for
S

Mool ComellLaboratoryfor Linac eryomodule
QL Education (CLASSE) for the ERL (MLC)

ERL Cavity test results LINA

27* Linear Acceler ator Conference

1.0E+11
Corne” oggt;;z;a AE:t;-g
° = -
18K DERL7-6 ®ERL7-7

hd Q | \ o x Cornell ERL specs.
0) ﬁ ~ . \ Linac A N
/. \ \ 344 m with 35 cryomodules

—a e
Qo
Total 64 cryomodules, each:
LinacB
* six packages of 7-cell cavity/Coupler/tuner 285 m with 29 cryomodules 1.0E+10
+ a SC magnets/BPMs package
five regular HOMs/two taper HOMs
SC magnets & BPMs 7-cell cavity Beamline HOM absorber .
Intermodule unit 1.0E+09 = T
nominal length: 9.8 m 0 2 4 6 8 10 12 14 16 18 20

Eacc [MV/m]

Ralf Eichhorn | Cormnell University | Linac 2014 Conference 2% W

= 9/2114 Ralf Eichhorn | Cornell University | Linac 2014 Conference 27 '®E

 Cornell Laboratory for
F) Accelerator-based Sciences and
Education (CLASSE)

Ralf Eichhon | Cornell University | Linac 2014 Conference 30 &
@ === o214 Ralf Eichhom | Comell University | Linac 2014 Conference 28 ®



The first beam recirculation and beam tuning in the Compact ERL at KEK
Shogo Sakanaka (presenter Hiroshi Sakai)

— L.

The first beam recirculation anchbEe;m
tuning in the Compact ERL {lt

LRAHITIRPSADKHYIZERLIZBAL TIZFA M Dporter orallZTHEK, ABRNEMIZT=DOHAELAESAIZI VT IL(ENTLES
FFYTLIA) ITEIZAT=&5TLT=, PosterlZTBNL, Jlab, Cornell, ffiHh\i5CongratulationZTEL V=, FFMIERE I BFICTRILF—
ElR D E) W5two beamDFAEEDLF . High chargeD EE DR FLEEE B L BKESENTE -, HE.SERESITIDOMNEVSERL
&Y. high charge &high current (100uA)&EEFIZ FI|FA TCompton X-rayZz 05 ELVITEZF LI ET00uAIZ R TFZELD B R LRI
BIEY M (ETHINT) DS (L IEEF OB (FoTLSDIEESH T FIEALENEEHERENSI=ATUADELE b,



The New LCLS-Il Project: Status and Challenges
John N. Galayda

A New LCLS-Il Project Redesigned in Response to BESAC

Accelerator Superconducting linac: 4 GeV

Undulators in existing | New variable gap (north)

LCLS-I Tunnel New variable gap (south), replaces existing fixed-gap und.
Instruments Re-purpose existing instruments (instrument and detector

upgrades needed to fully exploit)

4 GeV SC Linac 14 GeV LCLS linac still used North side source:
In sectors 0-10 for x-rays up to 25 keV 0.2-1.2 keV (2 100kHz
FAAAAAS ‘(Hw’wrrlﬁr]\_m..
VAN [ENNNNE NN NEE] \\:l b nunsnnannaminan|
South side source:
@ 1.0 - 25 keV (120 Hz, copper” linac )

1.0 - 5 keV (2100 kHz, SC Linac)

T 20mA & (k)

Nitrogen Doping to enable 4 GeV linac, 4 kW Cryoplant
A Breakthrough for CW linac performance

10" — T T T T T r T=2K, fast cooldown from 300K
e b 'U---ﬂ._.\ 4.0x10" T T T T T T
[} -\-oq.. = Pre-dressing
» L 3.6x10" |- | =  Post-dressing = T
r 3 . = guf q
.".p 3.2x10" | =pd pe E
LCLS-lispec ¥ o : [ L
F-—---.._—... «® .*.= L]
Ll To | 2extonf  n = .
OO 10"} i T 0
® TE1ACCO05 - typical electropolished FG \ 5 4i0™ E LCLS-ll spec
4 TE1AES016 - nitrogen treated LG siae
& TE1NROOS - nitrogen treated FG "
# TE1AES003 - nitrogen treated FG ‘ 20x10” b )
A TE1AESO005 - nitrogen treated FG [ )
» TE1AES013 - nitrogen treated FG
@ TE1AES011 - nitrogen treated FG 1.6x10" | |
* TE1CATO03 - argon treated FG FNAL single cells
& TE1AESO08 - nitrogen treated FG
10° L— L L L L 1 L L L o o T T T T I O TR
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 20 22
Eacc (MV/m
E,.. (MV/m) N
Sample of FNALsingle cells results. More than 40 First high Q dressed cavity preserving
cavities have been nitrogen treated so far identical performance pre-post dressing

systematically producing 2-4 times higher Q than

with standard surface processing techniques. N 2 CaV FaSt COOl I n g

20144 AIZKEKIZTor&M.C RossMERLI-REMND
DHEEEN2 dopingDZERBEBREMN A, RIZTKT )

Fermilab-developed ‘gas-doping’ process =

* A Grassellino, et al., “New insights on the physics of RF surface
resistance”, TUIOA03, 2013 SRF Conference, Paris, France

« Acavity processing recipe that results in high quality factors (=3E10)
at operating gradients between 10 and 20 MV/m.

« Starting 2/2014, Fermilab has led a “Qo for LCLS-II” program in
collaboration with Comell and JLab.

+ The primary goal is to develop a reliable and industrially compatible
processing recipe to achieve an average QO of2-ZEl0aL 18 M\ in
a practical cryomodule; minimum 1.5E10.

+ To reach this goal, the collaborating institutions processed and tested
single-cell and 9-cell 1.3 GHz cavities in a successive optimization
cycle.

« The deliverable is industrial capability and cost-effective production
yield.

- Supporting the cryoplant design choices

LCLS-ll®ZEjRpZEKreceipelZHigh Q23 A>T 5,

High Q0 R&D program making rapid progress

N2 doping (jacket2¥) :

High QO testing done at 3 labs: Fermilab (from 2012), JLab, and Cornell

MOPPO54
Continuous-wave horizontal tests = =
of dressed 1.3 GHz SRF cavities for LCLS-II High QO Program 9 cell results — inclusive (through

A. Hocker, et al. August 5)

TUIOC02
Breakthrough technology for very high quality Qo E_acc (lem)
factors in SCRF cavities
A. Romanenko

Average 3.14E+10 183
TUPP138

Analysis of New High-Q0 SRF Cavity Tests by
Nitrogen Gas Doping at Jefferson Lab
C.E. Reece

Number of test
cavities

22 11

Number of 9 cell tests

Includes 2 horizontal tests (and one dressed-cavity VTS)
Only one vertical test Q0 below 2.3E10

LINAC2014 September 2, 2014
- e/
s ‘ ~ 1 \j_l:

20



Breakthrough Technology for Very High Quality Factors in SRF Cavities (1)
FIEE DLCLS-IDQODN—R % 1E
>7T=breakthroughlZ2DULNT2D#B9T,

Doping is easily reproducible process

Alexander Romanenko

+£9 [Z(AN2 doping

Breakthrough in quality factor: nitrogen doping

Characteristic anti-Q-slope

, [1002 1T, —
o f A" Wose we,
E_e.uu gl ; '.wer Ohy.'. ....\‘
- 3 . atse.
H 8 " * .
£ 3 ol | LCLS-lispec *, o
2" ] L .y "o.
1 : Oc 107 ."\ LY
z = TE1ACCO05 - typical electropolished FG \
I TE1AES016 - nitrogen treated LG
] 4 10 1 ® TEINROOS - nitrogen treated FG -
Time, hours * TE1AES003 - nitrogen reated FG 1
A TE1AESD0S - nitrogen treated FG [
» TE1AES013 - nitrogen treated FG
* Injection of small nitrogen partial * TEICATOR- o pomed FG T=2K
TE1AES008 - nitrogen FG
pressure at the end of 800C 10° e ot I . .
degassing followed by several ums 0 5§ 10 15 20 25 30
of EP-> drastic increase in Q E_. (MV/m)

* Reproduced on tens of 1- and 9-
cell cavities at FNAL
A. Grassellino et al, 2013 Supercond. Sci. Technol. 26 102001 (Rapid Communication)
2% Fermilab

Nexander Romanenko | LINAC2014 2 Sep 2014

Reproduced at other labs in 1- and 9-cells

. H ; : .
0“4 v . Emoc (W
(o} 5 10 15 20 25 30 32
E__[MV/m]
Cornell JLab
£= Fermilab
7 Alexander Romanenko | LINAC2014 2 Sep 2014

Qo 20 4.3e10 1.2e10 32e10  4.0e10 7.4e10
" | LCLS-II spec |
4 : S -
EP+120C : Fermilab nitrogen/argon
bake ; do_pmg techno\q_gx_
3 1 . S Obtained Q
- ! ! several times
g I 1
02 ' ' above state-of-
' ! the-art
1 1
1 1 1 SES
1 1
1 1
0 by . ‘
2.00E+010 4.00E+010 6.00E+010 8.00E+010
QO (Eacc=16 MV/m, T=2K) .
& Fermilab
Alaxander Romanenko | LINAC2014 2 Sep 2014

Cutouts from N doped cavities - SIMS

—— N doped
1E19 4 — standard ILC recipe
standard ILC recipe
Only about 40 ppm
5 of N is enough
£ 1E184
£
S
C
‘:z
1E17 4
1E16 1 . ;
L 50 100
Depth (nm) £=Fermilab
8 Alexander Romanenko | LINAC'2014 2Sep 2014



Breakthrough Technology for Very High Quality Factors in SRF Cavities (2)

. =+
(DN2 dopingfitE
What does N treatment do? N depth profiles by SIMS

100422

Nitrides Interstitial nitrogen in Nb

1006421

Doped
51
£ "
i
§ ot N
s 1006019 500C 3 hrs
Non-doped
e h,n o 1”%"4-‘; "Px;W
Depth (um)
2% Fermilab
Alexander Romanenko | LINAC2014 2 Sep 2014

Nanostructural studies provide first clues
Y. Trenikhina (IIT/FNAL), A. Romanenko — to be published

Electron diffraction patterns from the penetration
depth taken at 94K reveal the difference

TEM on FIB-prepared cutouts

Doped Nb

Nb lattice

Secondary
diffraction peaks
appear
signalling the
formation of
lossy niobium
hydrides

- . 5 -y -
Non-doped Nb Nb lattice
+ Hydrides may be the cause of the medium and high field Q slopes [seé A. Romanenko, F. Barkov,
L. D. Cooley, A. Grassellino, 2013 Supercond. Sci. Technol. 26 035003]
+ Nitrogen doping may fully trap hydrogen => only intrinsic Nb behavior is then manifested?

& Fermilab

1 Alexander Romanenko | LINAC2014 2 Sep 2014

Physics - origin of the effect

RS(T) = RBCS(T) + Rresidual

Anti-Q-slope emerges
E from the BCS surface
resistance decreasing
with field

—@— standard treatment
—W¥— standard treatment

@ nitrogen treatment
—4— nitrogen treatment

This is what Mattis-
Bardeen theory
predicted to be the
lowest possible surface

\ resistance for Nb -> we
2 4 6 8 10 12 14 186 18 .
breached it!

E_ (MV/m)

acc

A. Grassellino et al, 2013 Supercond. Sci. Technol. 26 102001 (Rapid Communication)
A.Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)

2= Fermilab

10 Alexander Romanenko | LINAC2014 2 Sep 2014

Some possible mechanisms for intrinsic Nb behavior leading to
increasing Q with field

» Momentum of Cooper pairs changes the DoS
— B. P. Xiao et al, Physica C 490 (2013) 26-31
* Quasiparticle energy distribution deviates from thermal
equilibrium
— P. J. de Visser et al, Phys. Rev. Lett. 112, 047004 (2014)
» Time-dependent DoS
— A. Gurevich, Phys. Rev. Lett. 113, 087001 (2014)

N2 dop9 B ETZERNEE TN2 richl2H 5, ZD
UL HMSEELAY . Niobium hydride <7
RresDORXF MDA 5, BL., £-EEMIT S
MoTULVELY, 2 KEKTHN2 dopingZ AL,




Breakthrough Technology for Very High Quality Factors in SRF Cavities (3)

(@fast cooling

cooldown rate and thermal gradients around Tc drastically affect the Meissner effect

and can be used to achieve ultra-low residual resistances even in high ambient fields

Magnetic probes reveal the new physics

Full expulsion of the
magnetic field should
increase the field at
equator ~2 times when
going superconducting

magnetomete
A. Romanenko, A. Grassellino,

nder Romanenko | LINAC2014

2xH

It turns out the expulsion efficiency can be
controlled by the cooldown procedure
through Tc=9.2K (fast/slow, uniform or not)

(b)

T T T
45 [ Fast from 20K|
Slow from 11K

Efficient flux|expulsion

Poor flux gxpulsion

Magnetic field (mG)

e T . s m "
Temperature (K)

Same Meissner behavior for EP, EP+120C, N doping,

fine/single grain, cooling is what matters

. Melnychuk, D. A. Sergatskov, J. Appl. Phys. 115, 184903 (2014)

¥ Fermilab

2Sep 2014

Bare/dressed cavities behave identical

40x10"° T T
3.8x10" |
3.6x10° |
3.4x10" |+
3.2x10" |
3.0x10"
2.8x10" |

Dressed 9-cell — VTS measurements

Flux expelled
efficiently

- 26x10" |
24x10" b
2.2x10" | “

#1: First fast from 300K
#2: Slow from 15K
#3: Fast from 15K

Flux mostly

2.0x10" |
1.8x10" |
1.6x10" |
1.4x10"° |
1.2x10"
1.0x10™ L L

Sy, f s NN EEEEmE g,

] trapped

10 15 20 25
(MV/m)

acc

Thermal currents are present but have no effect

16 Alexander Romanenko | LINAC2014

20138 AIZ#RE L -TTC-CW meetingTIEZU ¥ vk EZERD

£E Fermilab

2Sep 2014

E#(Nb, T)IZ&Ythermal currentHh i B71=6

Bare N doped 9-cell in vertical test

5x10" T T T T |
4x10" E ‘ Efficient flux expulsion ‘
e vhe W,
310" E .f .‘1 ;
"
2x10" F E
- : Poor flux expulsion ‘
o s e Al KR T R A1 P
At LD T -y ‘
10" : 4
L = Slow cooldown from 20K
® Fast cooldown from 300K
I 4 Fast cooldown from 100K
Oct, 2013 v Slow cooldown from 20K
[ 1 1 i i
0 5 10 15 20
E,.. (MV/m)
2= Fermilab
Alexander Romanenko | LINAC'2014 2 Sep 2014

No effect of thermal currents in VTS of dressed cavities

Large (125 mG) magnetic fields generated by thermal currents, no effecton Q

—— Cell 5 axial

& 1254 Cell 1 axial
£ 100 - Cell 1 tangential
5z 751 Cell 9 axial
& 50 4 / \
L
5 25
S ol
4 —
= 25
o 0 Cooldown from 300K
° —— Cell1
3 2004 Cell 1
§ Cell 9
g 100+ Cell 9 - Cell 1
8 |

e

4000 5000 6000 7000 8000 9000 10000 11000
Time (sec)

£ Fermilab

2 Sep 2014

REEZEDITRENED

ARxander Romanenko | LINAC2014

[Zslow coolingd A Z & THigh QM AIREEHZBDHE R (X7RL TULV =AY, FermiTlE L L Afast coolinglZ&YHigh-QZEVT CERL TLVS,



Breakthrough Technology for Very High Quality Factors in SRF Cavities (4)

(2)fast coolingfii=

Confirmed at Cornell and Jlab — VTS and HTS

2™y

nnnnn

Eace (Mim

JLab VTS data on a 9-cell
[See TUPP138 ]

Cornell HTS measurements of
the Fermilab N-doped 9-cell
[See MOPPO018 ]

2% Fermilab

Possible mechanism #2
« See [J. Appl. Phys. 115, 184903 (2014)] for details

Fast Slow
(b)

Normal conducting

Superconducting
(T<Te)

For this mechanism uniformity is “bad” -> leads to islands

& Fermilab

2 Alexander Romanenko | LINAC2014 2 Sep 2014

Possible mechanism #1

Thermal gradient at the superconducting/normal conducting
boundary is aiding the flux expulsion => the higher dT/dx the
better (fast and from higher temperature preferred)

See [J. Appl. Phys. 115, 184903 (2014)] for details

220 7 T Togask 4
20F !

18|
18 |

Example of thermal
difference across the 1-

14 |

'
' -
'
'
'

12 W
'

1.0 [ B

< cell cavity
<

08 |- | ——Initial from 300K | | ]

06 [.| — Slow from 11K #1 | 1

Slow from 11K #2 | |

04 | —— Fast from 20K ' =

02 || ——Slow from 11K #3 | | e

00 —

A L A 1 i i A
70 7.5 8.0 85 2.0 95 100 105 110
Equator temperature (K)
£& Fermilab
Alexander Romanenko | LINAC2014 2 Sep 2014

Conclusions

« We have two new breakthroughs increasing the Q
— Nitrogen doping
» Doped cavities become even more efficient at higher fields

— Efficient flux expulsion

* Opens up the route to minimize the residual resistance even in
poorly shielded realistic environment
— May allow to relax the specs on magnetic shielding

« Exciting time in SRF

— We will follow the science of these discoveries further and see
where it leads us

Slow cooling® A DR ZtrapL 09 L ELVDER
B, (RAEN? VT HNICERZD2DTRON L
MNAAREME BT TS SRFIZEm B LVELSEE R,



Nb3Sn — Present Status and Potential as an Alternative SRF Material
S. Posen and M. Liepe, Cornell University SRF New material DERITEDERD 145 (oM HEFE T)
Gornell University Potential of Nb;Sn Comell University Cornell Coating Chamber

Il Flangeto . Copper transition weld

< > L
Nazk / Mok 3.6, UHV / from stainless to Nb

Increase in Q ;
simpler cryoplant

via N-doping

Cavity at furnace |/ ; 1

Nb Witness
Samples

Critical Temperature T, 9K 18 K

Q,at4.2K 6x 108
4-8 x 101° Tw3q® t"

Nucleation
Agent: SnCl,

*Y

Q,at 2.0 K >101

Max. gradient E___ (theory) 50 MV/m

Approximate E, .. and Q, given for 1.3 GHz TeSLA or 1.5 GHz CEBAF cavities with R, Niall

acc (

Halve # of
cavities to
reach energy?

g LN
-
UHV Furnace

. -7 > N
. \&“

Pioneering work at Siemens AG, U. Wuppertal, K.F. i@} Comettniversity 4.2 K Comparison Curves
Karlsruhe, SLAC, Cornell U., Jefferson Lab , and CERN
* U. Wuppertal: (19904-1X:??)

— Very small Rs values in Nb3Sn cavities

— Strong Q-slope, cause uncertain

1.3-1.5 GHz single cell elliptical cavities

Foung coul Y Sv— #'m No_Sn, Comnell, 6 h anneal, 4.2 K
. * Found could grow grains by factor of ~2 while
6 hOUfS annea“ng maintaining desired stoichiometry by modifying m Nb,Sn, U Wuppertal, 4.2 K
after Sn coating Wuppertal recipe = s "
- : Furnace at 1100 C, but tin heater off r - 1
@Corne” T~ (‘ ] 1 o - k’ ~ ~ EEEE B EEE E N EE @m g .I- -
1 (=0 e r = mg
U el N ey, - : : ]
Loss!Ecrystalff]® S, T e 1) AN S 0 5 10 15

boundary G Z~T E_.. [MV/m]

VN2 ATREE DS B D
) B s .. ‘ 4.2KT1%10°10@10MV/m, —> Nb3Sn promising material

No annealing step, average grain size ~. Anneal 6 hours, average grain size ~.




LARGE SCALE TESTING OF SRF CAVITIES AND MODULES (1)
Jacek Swierblewski Euro—XFELDIE K

For Cavities and Cryomodules tests are involved :

840 x

AMTF Technical Coordinator
18 engineers
24 technicians

Accelerator Module Test Facility — AMTF Hall ~ * 1Wo cryostats y
*Preparation area for cavities (6 Inserts)

Location: DESY campus at Hamburg Three test stands for cryomodules

[ B
European AMTF Hall - Cryomodule
XFEL
< . ,

- AMTF Hall - Cavity =

European

Unloading of the cryomodule after Cryomodule preparation area Cryomodule test stand

transport — see POSTER MOPP021

Cryomodule test stand — module inside Cryomodule test stand — front view

Clean room

Cavity storage area Cavity incoming check area



LARGE SCALE TESTING OF SRF CAVITIES AND MODULES (2)

_— Cavity Testing

European

XFEL Preparation and assembling

Main tasks:

= Incoming checks

= Assembling Cavity to the Insert

= Connecting Cavity to the vacuum line (in cleanroom conditions)

= Tuning of Fundamental Mode Rejection Filters of both HOM couplers + Cables connection
= Leak check of the Cavity

= Transport of the Insert to the cryostat + vacuum connection

— ) )
Cavity Testing

European

XFEL Vertical acceptance tests (Status Jul 31, 2014)

Analysis of vertical acceptance tests includes
= Series Cavities + “ILC HiGrade"-Cavities

NOY

L} NO infrastructure commission ng tests
So far delivered: 404 cavities
Total RF tested: 382 cavities

50 | WmR

mé " | Average:
E > 9 tests per week
% since Oct 2013
20| | (full operation of AMTF)
'\0? i
LM

ZANON
O MO NO OO0 OO0 YT T T TR

o Cryomodule testing

European

Preparation and assembling

Main tasks:

= Unload the cryomodule from the truck

= [ncoming checks

= Load the cryomodule to the movable support

= Assembling Cryomodule at the test stand

= Connecting Cryomodule beam line to the test stand under
clean room conditions

= Leak check of beam line interconnections and mass
spectroscopy of the beam line

= Connecting of the waveguides

= Connecting of all electrical cables

= Connect of all cryomodule process pipes to the test stands &
= Leak check of cryomodule vessel (ISO-VAC)
= | eak check of cryomodule cryogenic lines

= Assembly and isolating thermal shields

= Pumping down of isolation vacuum

Cavity Testing

European

XFEL Vertical RF test conditions + acceptance criteria
Cavity “full equipped” refers to
* Dressed with He-tank (except of “HiGrade” cavities)

= Equipped with fixed High Q-antenna, Pick-up and two HOM-antennas

Only Q(E)-measurement at 2K + fundamental mode frequencies
« All cavities checked for Q-disease by parking at 100K

Definition of usable gradient:

= Gradient of Quench or
= Gradient at Unloaded Q, < 1x10"% or
= Gradient at X-ray level: upper detector > 1x102 mGy/min; lower detector > 0.12

mGy/min (empirical limit from FLASH cavities for different detector locations)
Acceptance criteria:
= OLD: Usable gradient >26 MV/m (10% margin for 23.6 MV/m design gradient)

= NEW: Usable gradient >20 MV/m (after analysis of retreatment results for optimized

number of tests and energy gain



LARGE SCALE TESTING OF SRF CAVITIES AND MODULES (3)

Cavity Testing Cryomodule testing

European

XFEL

XFEL

Yield of usable and maximum gradient of 339 cavities “as received”

Yield of gradients: “As received”

Summary of results

(EZ: 185; RI:154)

) ) average average Average Average
100° . 100% Gekin. 12 max. gradient max. gradient operational usable gradient
i Gradient |40 “, Gradient |30 module vertical gradient vertical
e o = [MV/m] [MV/m] module [MV/m]
o 60% B £ 60% 20 [MV/m]
™ _ T L 15 ° XM-2 27.2 28.1 24.5 26.5
- 10 XM-1 28.2 30.8 251 294
20% X 20%
5 XM1 30.3 325 27.6 29
0%9 10 20 30 40 %0 ° o 10 20 30 40 3 ° XM2 27.7 32.7 255 28.6
Gradient (MV/m) Gradient (MV/m) XM3 30 4 32 D 28 B 29 3
Average maximum gradient: Average usable gradient: : : : :
(30.4 % 7.6) MV/m (26.6 % 7.6) MV/m X4 286 333 238 305
EZ: (28.4 £ 7.1) MV/Im given errors are EZ: (24.8 £ 7.0) MV/m XM5 27.8 28.9 249 26.9
RI: (32.4 &+ 7.6) MV/m standard deviation RI: (28.6 = 7.9) MV/m ’
. . . . S—7= N All Its ab XFEL . 23.6 MV/
Detailed vertical test analysis see Poster THPP021 RIDAMTEMN KLV ? resulis above pocs " |
1 | 3
Cryomodule testing
European ) European Summa
XFEL Vertical vs. module performance XFEL ry
Comparison of maximum vertical vs. module gradient odules are foreseen to test
w0 =d, 382 tested - Status Jul 31, 2014
Few cavities show significant Ti ted, 7 cryomodules tested - Status Jul 31, 2014
. . performance reduction g and all work flows at AMTF are well established
T - L/ From individual max. gradient ~avities and Cryomodules acceptance test performance are in average above
3 C A2/ specification
530 s y‘ P Te ] ir scale re = development of many test procedures, software
2 e * |mprovements and trammgs Itis also a big logistic challenge. This have been succeed
» oo¥ with help of DESY experts.
%25 .
£
=20 ¢ 382{E FE TtestHh L T , Module test TIL56ENDZERTAFETE T,
+
. 5lEHE . ZROEEDARGIEMRA TOEDZERFTTITH>TLKE
N WSRBELTHo = ZRLIERDRERDEFTAEIZENDLTLVE
vertical max. gradient [MV/m] R o
: ~20% reduction WENR (DESYflIEZHh > TLBSDMELNLGZLD?) , &, HEBIE
EDZEFDIEE + \LDND AN, IR EFELY S

gradlent'C“IlanTb V2 JEA iﬁﬁﬁﬁ,qjo DBELR>TNEDONELNIDNFAD R F-BELDERTH>T=,



Proton & ion beam

SUPERCONDUCTING CAVITIES AND CRYOMODULES FOR
PROTON AND DEUTERON LINACS

(ESS: R x—TF >, SPIRAL2: 752 X, IFMIF:)
Superconducting RF Development forFRIB at MSU (.3 4Y)
China ADS Linac R&D Progress (FR[E)

Status of the RAON Heavy lon Accelerator Project (§%[F)
RERE

B 22 % ff > 7= proton ion?>CW beam D FHEI N E AL A
approveS LT\ 5, ZiUS AT, BRI, mEE7 S ZER
APEICE DT REAE, 7Y — b— BN Oinfrad %
HRBE YT TELNTWDRKUA LIz, (B WR3d D, )

> BADGIE, B (F1k) D5 % HRIBFOIE K CHIM{AE 22 %
fili S 72 G 2 N2 T3, BB E 2] linac TapproveS il
TR e, 22O SAUDMEFITEISTOD, FRIBASER T 1L
(e — 25 I ERIIC AT D,

RAON:tE SC Cavity Prototyping

&

-

cea ESS - SRF LINAC

35221 Mt 704.42 Mt

“24m=> €«46m> €3IBm> €39Im> «5%m-> &« 7Tm —> &« ITm

",
e Mo Ware Wraer X o Moo W W0
A A A A A A
i s r ) r )

75 keV 3.6 MeV 90 MeV 216 MeV 561 MeV 2000 MeV

Requirements Spoke  Medium High

See M. Eshragi THIOAO1

QWR Final EBW HWR Final EBW

SSR2 Clamp-up Test

- .ﬁ
;_":,_ ‘_.\

B

b Erernre e

o Prototype superconducting cavities are fabricated through domestic vendors.

NLDETEIZEHE TspokeZZ AL EDEENRZEITHED LN TS,

Frequency (MHz) 35221 70442 70442
:2;22:\:*&»:;}';')3“1-.2 9.0 167 199 beam current (mA) 62.5
;—'pk (MV/n) B Linac energy (GeV) 2
Eg*liﬁ;‘?m 179 43 Beam pulse length (ms) 2.86
Epk/Eace 438 236 22 Repetition rate (Hz) 14
Iris diameter (mm) 50 91 120
Giq) 130 19663 241 cavities
Max R'Q () 427 394 477 Spoke 13 26
Qe 285100 7510 7619 g.cell medium B 9 36
i LS00 o505 g e high @ 21 84
China ADS Roadmap
2016 2023 203x

proton 0 I ﬂ[
15 Phase 25 Phase 3" Phase 4 Phase
R&D CIADS RESEARCH FACILITY DEMO FACILITY
CIADS: INITIAL FACILITY
25MeV@3-10 mA 250MeV@10mA 1.5 GeV@10 mA

® Tested in Dec. 2012




2R (LINAC16)IZLFRIB

LINAC 16 is also unique

o/d in Country Style University Town

+ the America’s Mid West Tradition in the

FRIB CF Constriction and SRF Highbay

Project Stage

CDO: Planning

CD1: Proposal, Sept. 2010

CD2: Baseline design, Aug. 2012

CD3-a: Conventional facility, June 2013

CD3-b: Accelerator system, August 2014

Acc. System construction starts Oct. 2014
Early completion 2020

CD4: Completion, to be 2022 235

Completed SRF Highbay, under installing infrastructure

Tunnel construction started in May 2014
FRI B [ . g Facility for Rare Isotope Beams
| U.S. Department of Energy Office of Science
Michigan State University

FRIB SRF Scope
Challenge: All SRF from low B(0.041) to middle B(0.53)

K. Saito, September 2014 LINAC14 THIOAQ2, Slide 5

Cavity Type QWR QWR HWR HWR =
Bo 0.041 0.085 0.285 0.53 ) 1- meler —
f [MHz] 80.5 80.5 322 322 )
Va[MV] 0.810 1.80 2.09 3.70
Eacc [MV/m] 5.29 5.68 7.89 7.51
EE.; 5.82 5.89 4.22 3.53
By /Egec [MT/(MV/m)] 10.3 12.1 7.55 8.41
R/Q [Q] 402 455 224 230
G[Q] 15:3 22.3 77.9 107
Aperture [m] 0.036 0.036 0.040 0.040
Lo = BA [m] 0153 | 0.317 | 0.265 | 0.493
Lorenz detuning -
s 4 <4 <4 <4 5 |
[Hz/(MV/m)?] m ’
Specific Qu@VT 14E+9 | 2.0E+9 | 5.5e+9 | 9.2E+9 | B,=0.041 B,=0.085 p,=0.29 B, =0.53
Q 6.3E+6 | 1.9E+6 | 5.6E+6 | 9.7E+6 N =12 88 72 144
Beam Delivery 316 cavities need,
Bysiem To Target total 347 including matching module, spares
p=0.085 Matching p=0.29 Matching  p=0.29 Matching p=0.53 Matching  Superconducting
T dul Cryomodul Cryomodul Cryomodule Folding Segment
e P A e s y
7
g 1 p=0.085 Cryomoduies / 3p=0.041 Cryomodules 500 keViu nmr
R Ti t B=0.085 12 p=0.29 Cryomodules 18 p=0.53 Cryomodules 10 m Vertical Drop from

p
Folding Segment Cryomodule lon Sources (above ground)
M ey K. Saito, September 2014 LINAC14 THIOA02 , Slide 6
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