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Outline

= SRF developments for projects
o EIC
o ERLs & Synchrotrons — PERLE & BESSY VSR

= SRF developments for Technology Advances
o Bulk Nb Technology
o SRF Thin Films
= Nb/Cu
= NbsSn
= QOther SRF Materials & SIS Structures
o Beyond SRF- Quantum Applications & others




EIC RF systems

and leading a variety of WBS elements

« 2021 JLAAC recommended to prioritize this Focus on SRF
prototype design Baseline

« JLab is the major partner in EIC, contributing to EIC RF systems

Hadron - 91 MHz bunch Hadron Cooing - 591 MHz
1 Cavity et = = i€ - / compression cavity acceleration cavity
. . . . Crvomodule for ! 2 CMs, IR10 8 CMs, Electron Cooler
« Major single cell R&D activities include ;s e X VY
g Electron - 591 MHz 7 — ] Electron Cooler Polori
- Bare cavity RF and mechanical design/analysis Wirle Cral iyt sectron storage ’{_—___pm s =
cavity
- Beam-cavity interaction analysis 17 CMs, IR10 m
. . . . . RHIC Tunnel
- Bare cavity prototype fabrication design and tooling 3.834 km Pl Dtci
- Fabricate and vertical test one bare cavity prototype Ripesminpance

Electron
Injector (RCS)

- Design integration with the fundamental power couplers
(FPC) and beamline HOM absorber (BLA)

- Design integration with the Q,,, tuning network :
Rapid Cycling Synchrotron - 591
MHz acceleration cavity

1773 MHZ 3 Harmonic
Cavity, 3 CMs (not shown),
Electron Cooler

Injector - 571 MHz
or bunch compression
inoc  cavity

# * adron - 197 MHz

. . P bunch compression
« Other EIC RF cavity design activities at 3 eMsAR10 : B e 7
JLab not included in the EIC SRF R&D
S C o p e Crab Cavities R - g Hadron —49.2 MHz and ;Ezseigznacr;d
- EIC RCS/HSR/SHC-ERL 5-cell 591 MHz (siee IR} {Cuuities/CM1 | (Covitiox/CMIL) [y 98.5 MHz bunch spitter of RF
) 197 MHz 8/4 - " i Systems”, B.
- SHC ERL 197 MHz QWR, 591 MHz single cell, and e i 575 Bidiigh 4ol caigi Rimmes
1773 MHz 5-cell . el

- RCS injection harmonic RF kickers




EIC Crabbing Systems

* EICrequires several crabbing systems

V, [MV] No. of cavities
t (per IP per side)

System HSR ESR HSR ESR
197 MHz  33.83 = 4 =
394 MHz 475 290 2 1/2

* Primaryinteraction point is IR6 with

Electic.s_n_s_.__*

Polarized
. Electron
Source

Electron Cooler

IR10

Polarimeters ~ 41GeV Arc

Injector

Linac
Possible Detector

Location

Possible Detector lon Transfer

Electron Stora i
Location . % Line >
Ring

lon Ring

IR8
IR4

Electron
Injector (RCS)

IR-6: Crab Cavity SRF Systems

secondary IP at IR8
. ; ; : ; : "\ ( Crabbing System for
_ Impedance budget is for both IPs Crabbing Systems for HSR (per side per interaction point) | ESR(pgr :ide oer
4 N\ interaction point)
197 MHz crabbing cavity is identified as e
one of the two R&D cavities to be
t t d for E|C 197 MHz Cryomodule 394 MHz Cryomod:le 394 MHz CWUm‘f’Ule
. ]| €rrrrrssisamssnsnsansansansans iR R R AR R RN R R AR R AR @rrnnnnnnns
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EIC Crab Cavities

+ Cviy desgnd o sciee: 197 MHz Crab Cavity Development

.
- Peak surface fields of £, < 45 MV/m and B, < 80 mT at 1.5 MV 19 HOM [M¥Hz) 371 PrOtOthe caVItV First Article cavit
- Bare cavity dimensions: ~ V
* Cavitylength<15m EJE 289
+ Cavity diameter (without couplers) < 0.6 m BJE IVl 520

. y 8JE, [mT/Mv/m)] 180 ¥ “’\/ ~ 15"0D
* Design includes FPC and field probe . 57 Tuner / " Titube

I o Support/adjustment
* Cavity with flat poles #aio) 11608 \ (5

059m &R (07 113x10° Tuner pad _
"‘\‘ *&=v2l End dish
Field Probe 144m corner stiffener
V.M 85 1s
£ IMy/m] n3 &
Horizontal il 2o LB p Warm-to-cold transition
HOM - D \ < - . Dogbone i
5 Cavty lengh o] st s ( N stiffener
¥ i) NbTi 0 N ( y U= = 4
Couples to Doesnit couple to Cavitylength ] 1435 \ \ 5SS g - -
fundamental mode findananaimeds Cavity Sameter 5672 Ti QA | ™ Tuner/pole ‘ J )
14 support rings L
ss End l Pole - Gate Valve
. . . stiffener :

Mechanical Analysis for Prototype Cavity weld | flanges N Aikner Inter-cavity bellows
* Cavity body is comprised of 4 mm Nb with some regions thicker than 4 mm support Power Coupler

* Stress analysis
- For VTA test at 22 psi is within allowable stress of 6.3 ksi

* Tuning analysis - Tuning in the magnetic field region
- Of = + 682.3 kHz (Requirement: 472 kHz)
- Tuning sensitivity = 126.4 kHz/mm for a total 5.4 mm displacement
= 2.7 mm push tuning limit at allowable stress
- 7400 Ib force on each tuner pad (2740 Ib/mm)

- Tuner plate
R = measurements) - Multipole components
E Lorentz de(}ming: !§ . . . . i
e ™ | Preliminary design review — Nov. 2022 - Tuning range

- / < ~
) A « Design and fabricate bare cavity * Cryomodule with 2 197 MHz crab cavities

s - Cavity with flat poles * Cavity with curved poles to suppress multipole components

| /F processing and testing (warm and cold * Need to finalize requirements _

|

Ry s / - Finalized requirements and design of the prototype - Pressurevessel systems 1st article 197 MHz Crab
cavity * First Article Preliminary Design Review — June 2023 Cavity Cryomodule
- 7 - Cavity fabrication in progress
HOM Damping Options »  HSR 197 MHz prototype crab cavity design status:
: ::Javity has two HOMs: Hori.zontal HOM (HHOM) coupler ?nd-Vertical H-OM coupler (VHOM) - RF design and mechanical ana|ySiS iS complete
se dogbone style waveguides to achieve a compact design in extracting the HOMs
« Two design options with waveguide dampers (baseline design) and coaxial couplers Prototype Cavity Processing and Testing - Detailed manufacturing plan is in progress
- ;T e " oo 0o (BCH Cabinet Furnace, ume Roodseete) T ) 1eqUIes upBrade to procesing - Cavity processing plan is implemented
 Bulk and light BCP will be done at Argonne National Laboratory for the prototype cavity *  Primary focus is on the 197 MHz cavity in prototype cavity fabrication (R16: JLAAC 2021)
o °;i‘1w"hbwp*.dph ) e T [ + 1starticle design carried out in parallel
+ 1tHOM- 347 Mz i | SPidGhyd warm measurements | [ Sulocr ] * Developed conceptual 3-D model
TR *  Preparing for down select of HOM damping solution (waveguide vs coax)
2023) - Procesd with cosstal e : *  ESR 394 MHz crab cavity design status
opter R ] - RF dt_esign incIudin-g HOM dan_1per designs is_on—going - ' -
) EZZ‘.T’J.ZTEM.M == - Multipole analysis is on-going to determine the specifications in designing
sonwsa BREER G (lx:/llwr?d pOlle Shlapei \ eted
= echanical analysis to be complete

* EIC crab cavity efforts are on track for CD2

ol

Jefferson Lab




EIC ESR 591MHz single cell cavity prototype

Cavity prototype technical review in Oct 2022
First article cavity string PDR and FPC FDR-1 in Apr 2023,

SSA EDU (2x200 kW units for JLab CM testing and 2x400 kW

for BNL CM testing) FDR in May 2023.
ESR cavity prototype design

Cavity body RF design and mechanical analysis complete

- RF and mechanical design of the bare cavity complete

4mm wall thickness satisfies the stress threshold, but tuner force is higher
than usual

RF/HOM/mechanical meet the basic requirements

- Cavity shape frozen for prototyping.

Preparlng for prototype fabrication and VTA test
Fabrication design, especially deep draw analysis and die design
- Blank-off/fantennae RF and mechanical design
- Die and hardware procurement
- Trimming fixtures, tuning hardware, VTA test cage
- Targeted VTA testin Q4 2023

Ongoing R&D to the first article

- Integrated RF/thermal simulation with FPC, doorknob transition, BLA, and Qext

tuner under various beam loading cases
- Optimize warm-cold transitions
- Analysis/design of low impedance/RF shielded bellows and RF seals
- Prepare the test facility at LERF

I

Qext tuning of ESR cavity with matched
Tee plunger, various Tee location,
Intrinsic Qext=2E5

—@— Tx=630mm
—@— Tx=640mm
Tx=650mm
Tx=660mm

100 200 300
Plunger extrusion (mm)

ESR Cryomodule
+ Kicked off PDR phase for ESR CM

+ Developing functional requirements

First Article 591
MHz Cavity
String

+ Developing heat loads for cryo interface

+ Conducting mechanical analyses of internal components including
helium vessels and tuners

+ Preparing for ESR string PDR in April

Cavity String
Beamline Beamline
Absorber ZFPC{ENL) Absorber Gate Valve
(BNL) (BNL)

Warm-to-cold
transition
bellows

First Article 591
MHz ESR
Cryomodule

Warm-to-cold He Vessel
transition
bellows

ferson Lab




ERL Based on SRF - PERLE

The PERLE accelerator complex ieffer?onLab ®

we weesd The 5-cell SRF cavity for PERLE

PERLE (Povyerful Energy Recovery Linac for Experiments): multi-turn ERL (Energy First 801.58 MHz 5-cell elliptical Nb cavity fabricated and successfully tested at JLab
Recovery Linac) based on SRF technology currently under study and later to be in October 2017

hosted at Orsay (France).

Recirculating

Linac 2 2 Frequency [MHz] 801.58
Dump (AE = 82 MeV) Temperature [K] 2.0

(7 MeV) Cavity active length [mm] 917.9

R/Q [Q] 523.9

Roci lati Geometry Factor (G) [Q] 274.6

ecirculating .
Arcs (2:4:6) Linac 1 B,,k/Em (mfd-cell) [mT/(MV/m)] 4.20
(AE = 82 MeV) E /E,_ (mid-cell) [-] 2.26
& Cell-to-cell coupling k.. [%] 2l
Injector Iris radius [mm] 65
(7 MeV) Beam Pipe radius [mm] 65
AC in arc 6 = Agg/2 Footprint: 31.7 x 5.5 x 0.9 m? Mid-cell equator diameter [mm] 328
End-cell equator diameter [mm] 328
iecti ey = Cutoff TE4, [GHz] 1.35 & W - . wons =
njection ener e ! . il 3 ;
! Y Cutoff TMo; [GHZ] 177 Mid-cell End-cell
Electron beam energy MeV 500 L. )
Qo(2K) Subtracting 0.5 nQ due to NC : : /n/th//y deve/OPEd n the
Normalized Emittance Yg,,, mm-mrad 6 lell RF losses in SS blank flanges @ Five-Cell Cavity framework Of FCC
Average beam current mA 20

LXXXXITS
Bunch charge pC 500 +§M
Bunch length mm 3 %
Bunch spacing ns 25 e

. Prototype well exceeds
RF frequency MHz 801.58 qguench limit . .
_ 1e10 E...requirement with
Duty factor CW (Continuous Wave)
) . Regime of E Qy>3el0 at 2K
. Testbed for studying a wide range of accelerator phenomena . acc
requirements
. 2 Linacs (four 5-cell 801.58 MHz SC cavities) in LHeC. PERLE
. 3 turns (164 MeV/turn): 3 passes “up” (E,,.,.=500 MeV), 3 passes FCC-ee
“down” (energy recovery phase) 528
= 0 5 10 15 20 25 30 35

Eacc (MV/m)

y
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HOM-Damping Studies for PERLE

Port 2
(Output)

1§

A

HOM field

Port 3
(Rear-side)

Probe design

coupler are studied.

design.

TM110)

Prototype Coaxial HOM

Bench Measurement

campaign (Feb 2023) with

2 cell Cu mock-up & 3D
printed in epoxy, copper
coated couplers (CERN
Polymer Lab)

Hook design DQW design

HOM couplers are geometrically optimized according to the HOM spectrum (Z|; and Z, )
The S-parameters between the beam pipe port 1 and port 2 at the coaxial output of the

The DQW coupler exhibits a better monopole coupling for TM010 mode than the probe

The hook coupler provides higher damping of the first two dipole passbands (TE111 and

5-cell Cu mockup under way

H-field [A/m] = TM010 mode

Courtesy of C. Barbagallo

Electric surface current for the i"" HOM

E=f
N

Power dissipation on the conductor

Hi -Hi*dS :f

coupler scuuplzr

1
Pdiss,i = ERS(T)IiZ [W]

[Hi|?dS [A7]

Evaluation of the maximum temperature

&

1.00E+12
1.OOE+11
1.OOE+10
1.00E+09
1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.OOE+03

Hefield [A/m] - TM010 mode

L eavym | 8,0
Hook-coupler 19.63 21.22
Probe-coupler 34.30 31.83
DQW-coupler 45.13 70.27
Paiss-inner | Pdiss-outer

ERFAFEEE
Hool- 321 157 286
coupler

et 5.02 1.99 3.03
coupler

B 38.11 2.13 4.41
coupler

2 Cells Cu 801.58 MHz - DQW coupler
TMO10

-]

1B o

ADipoles, 90 deg

TMO020
TEéu TMO11
11 A B
TM110 " Iy
8 2 &
8 *8
Oo
1 12 1.4 1.6 18

Frequency [GHz]
e

TEILL 0 deg, 2nd meas

©Monapoles, 225 deg
2. 2nd meas A Manopoles, 90 deg

g. 2
X Maonopoles, 270 deg X Dipoles, 270 deg

simulation results verified

P
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HZB BESSY VSR waveguide HOM load pre-series/series Courtesy J. Guo, H. Wang et al.

CW high-voltage superconducting RF cavities operating at a harmonic of the 500-MHz accelerating system for dual pulse lengths at high current

» Collaborating with HZB since 2016
* Prototype completed and tested in 2018

+ Change in assembly sequence to improve cleanliness and protect flange surface
- Braze ceramics to bottom first, then close the load assembly with a second braze

» Pre-series parts delivered in Sept 2022 (delayed due to Covid)

* Brazing procedure & fixture development:

+ Item #1, braze step 1 failure due to faulty fixture design, but sub-assembly salvaged and would
try braze step 2

* The warping for item #1 in braze 1 made braze 2 difficult to seal
» Improved fixture successful on Iltem #2 braze step 1
* Item #2 braze step #2 successful

2019 prototype (before weld)

R FY. |

Item #1 step 2, warping led to leaking ltem #2 step 1, successful Changedar--—"" --=-=--

braze joint braze with new fixture HZB
Helmholtz /7
FCC Week 2023 - SRF Activities at JLab zentumBerlin - Jeofferson Lab

Iltem #1 step 1, fixture brazed to sub-
assembly; warping in sub-assembly




Frequency Dependence of RF Performance for Niobium SRF Cavities

P. Dhakal

Collaboration with ODU

Understand the frequency dependence of
Q-rise phenomenon

Treatment applied to several elliptical
cavities with frequency ranging from 0.75 -
3.0 GHz, showing the improved quality
factor as a result of low temperature
nitrogen. The frequency dependence of
surface resistance is being analyzed with
existing theoretical model.

To further explore the frequency
dependence of surface resistance, half
wave coax cavity is considered. The
baseline measurements were completed
and additional surface preparation are
being considered.

T lliptical cavitie ; Baseline
7somiz Elliptical cavities, o | elin .
34 RDT-06 ‘ o » | )J
o —3— 328 MHz
Fisc B 12 —&— 657 MHz HW Coa o
2] FH3C g —&—985 MHz
g g ] — 10 —$— 1313 MHz
2 5] E /
2 ] <+ 8
o : 3 f
11 BXrz0 >~ 0O ] -
%, B oe-a . o }{
(=4 g 4 |
. o 2 ; ,
Increasing frequency
0
T T 0 20 40 60 80 100 120
10 100 Bp mT)
B, (mT)
B =10.4mT N. Raut
10° P, . -
10°F — Fit(1.8495E-3f" 7985
@ ® ~—— Fit(5.2794E-5f"7°8%)
3 HW Coax
T
T-=2K
E
100 L

327 MHz

654 MHz 981 MHz

1308 MHz

600 800 1000 1200 1400
Frequency (MHz)

2
Jefferson Lab
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Oxide Dissolution and O diffusion during Mid-T bake

E. Lechner

x10'°

* Native pentoxide dissolves T ' 5.5
* Liberated oxygen diffuses

% SC-14 330C/7hr
WV SC-11280C/5hr | |

45 & 4 "
xx ®
x:#xvx:#’"‘**"*u xx‘xxx
ab ¥ .
v *
35 o x

107§

Concentration (at. %)

I I s Soi o T ",;
dc(xt) _ 626( t) 25 % >
at Pz +abetD. 350 °C/2.7hr 2l %
_ 10 = /ar sl .
cx,t) = v(x, t) +u(x,t) LV
v
1t %
L4
v(x’ t) — UO e—xz /(4D(T)t) + CO‘;) \ L 05 1 L L L L 1 L
JaD(T)t 0 5000 10000 0 5 10 15 ] (i;l]wm) 25 30 35 40

acc

t ~k(T
k(T)e k(Ts o= X2 /(4D (T)(E-5) g X (nm)

V7D (T f Ve * Progress continues in examining the oxide dissolution and O

650 ‘ ‘ ‘ . diffusion process responsible for the performance enhancement
in mid-T bake Reproducibly high Q.

* N-alloying requires an additional electropolishing step to remove
lossy nitrides.

* May be applied to Nb with substrates incompatible with high
temperature heat treatments

7 * On complicated shapes this may result in non-uniform impurity
L . = - T e profiles exposed to the RF surface. No electropolishing required

N time (hr) x (nm) with O-alloying!
| . * The oxygen source is inherently conformal to the cavity shape

10 f

O Concentration (at. %)




Fabrication, Treatment and Cryogenic Testing of Single-Cell Cavities Made of Forged Ingot Nb

Explore Medium grain forged ingot with grain
size few mmm are beneficial for the cost
effective as well as may provide better
performance for future SRF based
accelerators.

Fabrication of single cell cavities

n

as)

B,/

1.8

1.6 1

1.4 1

1.2 1

1.04-¢

P. Dhakal

* We have successfully fabricated, processed and tested two single-cell 1.5 GHz cavities made

from medium purity, MG bulk niobium.

* The cavity made with MG niobium showed poor flux expulsion and higher flux trapping

sensitivity compared to FG and LG niobium. To achieve better flux expulsion and lower flux

trapping sensitivity, the cavities may require to be heat-treated higher than 1000° C.

* Research Instruments is fabricating a C75 5-cell cavity from the same type of material. The

cavities will be processed at JLab based on the current findings.

Full Expulsion
\. 650C/10hrs
i— o— +800C/3hrs
- -A--+1000C/3hrs
T . -A
f ) AA o« oo A
~ A | O
H o > - .
e A‘ - ] e IR T .
P IR A Rl 1
. IR N S
g
. FullTrapping |
T T v T T
0 1 2 3 4 5 6
AT(K)

Flux expulsion ratio, B, /B,

10" 5

| (b)

650 °C/10hrs+25 um EP

+120 °C/48hrs

+CBP+ 30 um EP + 800 °C/3hrs)
+ 1000 °C/3hrs

+25 um EP

7’,\’ Jlab C75 Spec. at T=2.07K

edpon

10°

0

Summary of rf results, Q, (E

5

10 15 20 25 30 35 40
E,.. (MV/m)
)at 2.0K

acc

- 2
Jefferson Lab



SRF Thin Films for Next-Generation Cavities

Today: bulk & doped Nb Future ?

, _ Protection, low secondary
Native oxide / \ emission yield
Unstable upon ~— g = ‘

annealing

“~———High Tc SC

S-I-S multilayers
High purity Niobium
Optimized only for thermal
conduction

Niobium or...not

Structure, high thermal

Native oxide conductivity (Copper ?)

Not optimized for thermal

transfer \

External layer, optimized for
thermal transfer

(

FCC Week 2023 - SRF Activities at JLab

Jeﬂig?son Lab




Development of Nb/Cu Cavities by Energetic Condensation

Development of Nb/Cu SRF Surfaces Development (HiPIMS & ECR)

1E124 omo D |
J 3 O |MLO2 Baseline 2 K
O HiPIMS cavity coating fully resumed after system 177 ag o 53553(5”“)°<”°°i’
rebuild 12 ST e
Deposition ramped up to 1 cavity/week if substrate 1E11 5 ‘.;.._‘h"'--___ = il

available ] i - o e

O Build a strong RF measurement program 1ot o o TR g R o o e 58 08 @0 9580 o oo oe o a6 oo os e

O lower frequency cavity deposition

T R Y
T -
"B g Bog

R o
ras o LN NP =

O 1e104"

1E9

Defects in
weld and
from

SuBU 1E8 —
process 0

10 ' 20 ' 30
Quality substrates
[ Cu cavities machined in the bulk as

“ideal” substrates (CERN)
1 Cu hydroformed cavities (KEK)

Received May 23
Mounted May 30
Coating week of June 12

FCC Week 2023 - SRF Activities at JLab

el
Jefferson Lab




SRF Developments around Nb,;Sn

Material studies and development of Nb;Sn-coated cavities

ann sample O¢Wu correlating RF performance and coating parameters

TEM sneiyziacd gran boundares

NbSa-Costed single-cell cavity pert atdsx
w1 4 : s L s + =
i *  P4PS.1.50H- 141 coatng
! « PAP3-1.5 GHz- Ltewt coatng
| »  P4P5-15 GHZ-20d coatng
1 *_NS02-13 GHz- Latest costingy
l L L L T s s
&.--.sy.._“ R
E10 1] e I O S
| v
T ;
| .
f Te,
f I‘ ".
| II e
g+ - — et +
o 2 4 | 8 L] 0 12 % 18 AL 0
| .
| E o (MV/m)

Gran wiceand roughness

Recurrert 5 residuss contricueg
1o rexdual rezistance

B PO

10min azmn 45521

+  Cavity coatings with selected profiles are in
progress for potential improvement in RF

with and mehout Q-slope
= Coating with smalgnln sizes, smoother surfaces, and th {~ 1 wm) thi i
with no $n segreg ordefi grainb dary ¢ | Mthbmcr-oorfonnlu
cawities.
* Further S Pr P toenh cawity performance is in progress. performance.

Q2K

\ Pems RAIIAME
. * R

B e 1.5 Gt carviny

&

- e . .

wa “seen ...,._'_'" 5 - o
"ay, rgone
E, . >20MV/m &

Several cavities reached to ™ 20 MV/m, material studies and surface
improvement is in progress to maintain high Qat high £_ .

I as 1a2

Several temperature profies are Iéomk@yo control roughness and

J_gﬁ‘er?on Lab

U. Pudasaini

—=screaiog

Temperature profile for
coaterg five-caficavity

Tempeatn (C)
8

1€9

20
) o0 50 20m
Tamne (min)
_J5CT5-RI-06 JLAB @ 4.3 K E
-~ |5C75-RI-NoSn02 Fermileb @ 4.3 K}
®e soe o"".'. F P

- vn seonesd 5,
o8 snu, l* 3
.- b
-
- o

- ——r—— - ——r r——t——

T 2 3 & B8 &6 T B 9 10 11 12 13 14 18
E,.. (MVIm)

Original C75 cavity made of large grain material
Limited by multipacting {no quench)

Process Developments towards Nb;Sn cavities in operation

FCC Week 2023 - SRF Activities at JLab

Spec: 1£10 @ 10 MV/m
One cavity was coated at Fermilab and another at Jlab.

Cavity assembled in the pair and subjected to disassembly
because of a leak, and assembled again with some
degradation in the cavity performance

Ready to be installedintoa quarter module; testin the UITF

later this year.

Based on G. Eremeev's ECA, Jlab cavity work supported by
R&:D fund Jgj:feréon Lab

e 2
Jefferson Lab



SRF Developments around Nb,;Sn

Cylindrical Magnetron Sputtering of
Nb,Sn coating (2.6 GHz Nb SRF cavity)

wdrr

oo
TOMINION

UNIVERSITY

Normalized resistance

T T T T
7| m Topbeam tube

® Equator
-4 | 4 Bottom beam tube|

25 nm Sn

A
[ A

Nb substrate D

Courtesy S. Sharifuzzaman et al.

172 174 176 178 180
Temperature (K)

0 50 100 150 200 250 300 350
Temperature (K)

/.

5

.geff;;s)on Lab # Fermilab

50 nm Nb %

HEP Stewardship

10"

T
Qo vs- Eoce L NbQ, -~ 7x 10°
" T,,.=44K B
® Tpun=20K @ T, =20K
e o
10° - o . s, *a E
- b
- - L_L I -
10° T : NbQ, ~1x10°
o 5 10 15 @ Tpan = 40K
E,.. [MV/m]
Results

(Qp)of32x 10%atE, =5 MV/m at T, =44 K

(Qp) of 1.1 x 10° at E,..= 5 MV/m at Ty, = 2.0 K

.

1.0E+11 4

1.0E+10

1.0E+09

Compact Accelerators for Societal Needs

Courtesy G. Ciovati et al.

General Atomics

Development of conduction-cooled SRF cavities

EIC-1 955 MHz single-cell cavity

@ Nb3sn coated - Dec. 2019

LHe, T=4.3K & Cu plated, Nb3sn coated - May 2022

|

BB g

T
B

2l

e NI ‘-. CENERAL

i
" 2 ‘
Muitipacting
i sy

o 5 10 15 20 25 30 35 40 45 50 55 60

Horizontal Test Cryostat for conduction-cooled SRF cavities

G. Ciovati et al., “Development of a prototype superconducting radio-frequency
cavity for conduction-cooled accelerators”, arXiv:2302.07201 [physics.acc-ph],
2023

|t

FCC Week 2023 - SRF Activities at JLab ‘ggjgrjson Lab



SIS Multilayered Structures

Taking advantage of the high —Tc superconductors with much higher H_ without being penalized by their lower Hcl...
Multilayer coating of SC cavities: alternating SC and insulating layers with d,. <A

Higher T_ thin layers provide magnetic screening of the Nb SC cavity (bulk or thick film) without vortex penetration
Alex Gurevich, Appl. Phys. Lett. 88, 012511 (2006)

e Suppression of vortex penetration due to the
/\ Hic . enhancement of H_; in a thin film with d < &
[Abnkasoy, (1564)]
' =2 (1 d_
Hy="0 [m: o.u?]

0.8
0.8

g 0.4

0.2

©/8,= exp(-Nd/2)

Buk

3 4 5 -]

Insulating layers xﬂb
A Gurewich, Appl. Phys. Lett. 88, 012511
(2008)
[a)g-0%9 (b0

Coil plate
Sample

Magnetic field B (mT)

80 160
1E+12

1E+11 ‘ﬁ
-~

8 brcr focknes 5 el

Sample holder plug

Bottom plate brazed

Quality coefficient Qg

to 8" CF (160mm) Sample holder tube
1E+10 Thermal braids E-beam temperature sensor
welded into fittings
e ke v o tams T lver etchmes 4wl
rd H
16109 5 " . A. Gurevich, AIP Advances, 5, 017112 (2015) 3" Harmonic Setup for Hy, measurement

T. Kubo, Y. Iwashita, T. Saeki, APL 104, 032603 (2014)

0
Accelerating Field E ;. (MV/m)
T. Kubo, SUST 30, 023001 (2017)

.ggjg-?son Lab

FCC Week 2023 - SRF Activities at JLab



SIS Multilayered Structures based on NbTiN

Measurement on NbTiN SIS structures on 1” & 2” Nb substrates

Center Probe at 2.00 K [smoes|  samote Thickness Zu::' “E::.:.e e :’ .
5 i F T o Penetration depth = 240 nm, Coherence length=3.5 nm 300.0 AIN thickness=10 nm

479 |NGTIN/AIN/bulk Nb| 83nm/14 nm/250um | 300 | 71 | 395 | 128

482 |NBTIN/AIN/bulk Nb| 166 nm/L1 nm/250 uml 335 | 196 | 435 | 243 250 270 ;’ 250.0 ! Experimental Plot
» v R0y [wzo B e Contour plot calculated for NbTiN 2T 5000
o w wm w . [T. Kubo/D.R. Beverstock] 260 i LE, : //\\
H. Senevirathne < S 1500
- 5
g z =
¥ 200 2 2 1000
- —— 250 g @ - AL4.35K
7 i £ 500 ~-At2.00K
Lo T i z
12D | g st . —_ 240 0.0 ;
| A 0 _ ~ = 0 100 200 300 400
S ——— =
= Magret Current (3] . 150 250 = Thickness of NbTiN layer (nm)
Reactive DCMS NBTIN (80+5nm) with AIN (23.6+2nm) on MP + EP Nb % E
Fitted with Hy(T) = Hgp(0)(1 — (%j?) — — Penetration depth=240 nm, Coherence Length=3.5
fit Hp(0)=1573 mT 1st responds = 290 % AIN thickness=10 nm
(0)=157+
fit Hy(0)=250+6 mT 2nd responds = [ - 300 .
Nb H.(0) = 200 mT e 100 T 280 Theoritical Plot
- NBTIN H.(0} = 30 mT S 210 T 260
1st responds Magnitude | E 240
1st responds Phase
2nd responds Magnitude 200 é iég
2nd responds Phase 2 180 Theoritical curve_AIN=5nm
a 160 —Theoritical curve_ALN=10nm
50 180 g 140 Theoritical curve_AIN=15nm
- E 120 - AN
& 100 !
180 = 0 100 200 300 400
_____________ Thickness of NbTiN layer (nm)
! , b e L 50 100 150 200 SgQ0 300 350 400 450 500
emperature 7,
U.R. DEVEISLULK MNBTIN thick ez [nm] < 025 ——
Reactive DCMS NbTIN 183 nm with AIN 10.6 nm on MP+EP Nb 5 E——e = hb Cailbration Curve
Fitted with Hp(T) = Hy(0)(1 — (£)7) O B i ————— NbTIN(248 nm)/AIN(20 nm)/Nb
5 E C i ———— NBTIN(133 nm)/AIN(20 nm)/Nb t
260 fit Hyp(0)=182+3 mT 1st responds -~ 02 . NbTiN(2312 nm)/Nb i
340 —— fit Hpl(0)=277+19 mT 2nd responds £ =L i : : 7
---- NbHA(0) = 200 mT © Courtesy T. Saeki et al.
220 —
- NBTIN H.(0) = 30 mT 2= E= 1 = i qadrr
200 +-- 1st responds Magnitude 'g o o i i Onr
1801 — 1st responds Phase L i NI
= 160 2nd responds Magnitude E C i mJNIJEgsorIr\\I'
E L0 2nd responds Phase B i
£ 120 y U Deposited SIS structures fit the theoretical model | -
100 - i
20 O 3 harmonic measurements show field enhancement - Hcl-effective of
ig o 0.05— NbTiN(248nm)/AIN(20nm)/Bulk-Nb = e .
ol E—— up to 20-60% compared to base bulk Nb . - samples is higher than that of bulk-
- P vt I Nb by about 30 %.
S ok ok om0 1 1m0 1 U Effect most sensitive to coherence length K, Prrwws irwwws rrwes v ey ivvrs e PSS PO (B
perature 0 1 2 3 4 5 6 7

- 22

Temperature [K]
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SIS Multilayered Structures based on NbTiN

250 [~ I I i+ in | i nlm B
7 NbTEE(;(L )INb | LE_“SR
— B (G) measurements

3.5 keV . .
Ay 1% on NbTi N/N b TRIUMF
14.0 keV

19.0 keV
23.5 keV 70-04

200F

150 F

L R K X

O uSR measurements demonstrate the
{003 a requirement of the dielectric layer in the
SIS model
Q High quality SIS structures for thicknesses
all the way down to the nm level ( Stack
- of 32 bilayers NbTiN/AIN/NbTiN/MgO is
ST g fully crystalline —

92x410 3

B (G)
%/nm)

100 F

50

= = , Size
STEM Mag | Pixel size 192 x 455

Implementation on QPR samples and elliptical cavities for RF evaluation

@ UHV Multi-technique deposition system

Refine deposition process for denser,

more relaxed material in thin layers SIS cavity deposition setup
Re-HiPIMS for elliptical geometries -

Heppfled #”
Cavity's interior
,,,,,

@ Gatevalve to cylindrical hiPIMS

@ Isolation ceramics for bias

@ Cavity outer vacuum chamber

@ Spool piece
@ Gate valve

@ Bellow system for cathode storage and positioning

Towards cathode pumping system
@ Rails
@ Cavity

@ Composite cathode system

-2
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Development of Nb,;Sn Based SIS

Nb,Sn based multilayers foreseen to bring the highest enhancement of H__, for SIS structures

Nb;Sn on Nb: H, = 0.84H_= 454 mT and A = 120 nm (moderately dirty):

doubles the superheating field of clean Nb 200 | 150 p” I

» Current deposition techniques incompatible with integration with many dielectric materials, oo e
relying only on thermal energy to achieve the desired A15 phase :

+ Use HIPIMS/ECR to create dense Nb;Sn films with high Nb incident ion energy

- Explore the coating parameter space (ion energy, temperature) for Nb;Sn with 18-25% stoichiometry >N
. . . . . ~480-mT

- Effect of ion energy/temperature on A15 phase formation, differential strain between substrate 48&%-\3 :

and film

* Measure Hc, for nominal (~ 2um) coated Nb;Sn and establish the contour plot S layer thickness
versus | layer thickness for the produced Nb,;Sn.

S layer thickness dg (nm)

* Thickness series to determine/verify optimum layer thicknesses with He, measurements 501
« Magnetic screening measurements with SQUID/3™ harmonic local magnetometry

* Implementation on QPR samples and elliptical cavities for RF evaluation ""l-“ = 2 =

» Application of thick Nb;Sn on Cu films for conduction cooled cavities, industrial & environmental T layer thickness d7 (nm)
accelerators

Jefferson Lab
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Surface & Substrate Preparation

Pulsed EP for Nb

M. Ge, H. Tian

Time=60 min Surface: Temperature (degC)

. » Use analytical electrochemistry and surface characterization to develop
alternative safer electropolishing method for Nb cavities and substrates

22

» Pulsed reversed Bi-polar EP focused on the upgrade of high voltage pulse
215 controller for completely HF Free cavity development
Single cells (1.5 & 1.3 GHz)

21

s » Implement technique on cavity parts to enable cavity processing without HF
New setup in R&D Chemroom
20

Cu EP

s Birg » Use analytical electrochemistry and surface characterization to develop Cu electropolishing method

for Cu substrates
» System being design for operation in a walk-in fume hood ( R&D Chemroom)

» Interaction with CERN




Beyond SRF — Quantum Information Systems

QIS NP Funding for 3 years .geff;?son Lab

2& Fermilab - /V"'S Q M S 2V

SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER

« Exploit JLab high quality films deposited by ECR for qubit optimization

= Optimization of Nb/Al,O4 films in the thickness range of 150-200 nm specific for qubits

= Development and optimization of Nb/Si

Investigation of other superconducting materials

Optimization of transmon & flux qubits coherence time 2SaMsRaD: QubltChip~vl
Optimization of 2D and 3D design concepts

« 8 fixed frequency uncoupled transmons ~ 4 — 5 GHz
* 4 w/ double capacitive pads (for statistics)
« 2w/ interdigitated capacitive pads (most sensitive)
* 2w/ concentric capacitive pads (most insensitive)
*  Anharmonicity ~ 220 MHz

+ Readout resonators ~ 6 — 8 GHz

*  Frequency multiplexing on single feedline

E-field distribution of different transmon geometries

uuuuuuuuuuuuuuuuuu




High quality Nb films for Qubits
150 nm ECR Nb films nucleated at 304 eV, subsequent growth at 64 eV

Nb/ Al,O, (10-10)

=

Nb/ Al,05(1-120) Nb/ fused silica

Magneto-optical Measurements
R. Prozorov et al (Ames)
L atiassaadat/Northwestern University/Rigetti Nb films

Jefferson Lab ‘ Northwestern University Rigetti
ECRNb-aAl203-193b i Nb-110-Al203-110 DC Nb High power

4K ZFC @ 80 Oe
POR HiPIMS Standard

laKk ZFC'® 800. e
ECRNDb-rAl203-193g

N 4K ZFC @ 80 O 4K ZFC @ 80 Oe
[

| - i - N
Jefferson la’l/Northwestern University/Rigettl Nb films

Jefferson Lab lorthwestern University Rigetti

ECRNbD m'\l)() 193b Nb-110-AlI203 1.10 DC Nb High power
A|203 Fused Silica
R, [nm]| (11-20) ~ (0001) (1-120) (10-10)ceramic
2 um 1.54 0.28 1.03  1.35 1.81
5 um 1.52 0.34 1 1.31 1.86
10 um 1.5 0.47 0.89  1.17 1.84
50um | 0.95 0.55 0.66 0.46 1.69
T.[K] | 9.33 9.33 9.32 9.28 9.29 9.24
AT [K]| o0.07 0.06 0.04 0.05 0.06 0.26
RRR | 75.60 79.00 83.00 68.00 39.00| 14.00 & 233302 SR, 320 9 MR RS

Preliminary work : collaboration with JLab, FNAL, Ames Lab, Temple University

: ) Jefferdon Lab




SUMMARY

SRF Development for Projects

EIC
+ ESR 591 MHz single cell: entering prototype phase
 ESR 591 MHz 5-cell cavities, starting with RCS.
« 197 MHz crab cavity: entering prototype phase = %——}\
- Cooler and pre-cooler: developing requirements SEs s ==

* H armonic | nJ € Ctl on for R C S ety ;tfg;sf;;:gf tofonae BNL 650MHz cavity scaled to 591MHz
- Kicker fabrication, test in UITF

PERLE HOM-Damping Studies converging to a solution (DQW), 5-cell mock-up under way
BESSY VSR Brazing procedure & fixture development completed

* Technological developments
Buk Nb- Refinement and Modeling for different processes to maximize bulk Nb performance
Nb/Cu Development — ECR & HiPIMS continued development, substrate quality critical, towards mitigation of Cu slope
Nb,;Sn films on Nb — Material improvement continues, implementation in QCM and industrial accelerator

Alternate superconductors & SIS Development — towards cavity implementation for NbTiN
-Development of SIS based on Nb;Sn

Synergistic Applications beyond SRF : Metamaterials, Quantum Devices, Novel Electronics and Sensors

y

FCC Week 2023 - SRF Activities at JLab Jefferson Lab
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