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Outline

 SRF Cavity Surface Treatments producing
the Highest Q: N-doping

 High Q Preservation - Magnetic Flux
trapping/expulsion and sensitivity

e State of the art High Q Cavity and
Cryomodule Performance, LCLS-II and
future applications
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Cryogenic Operating Cost Versus Q,
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$6,000,000 ‘\q 60 $/MW-hr
[ \ ea —— 70 $/MW-hr
$5,500,000 \ \‘ ‘ ‘s | —— 80 $/MW-hr
I \\ “a cos — 90 $/MW-hr
; —— 100 $/MW-h
$5,000,000 \ i& ® “ s/ r
I : ‘\ 110 $/MW-hr
7 i v
S $4,500,000
s
=
E $4,000,000 \
E \
I_U \
2 $3,500,000
o \
<
$3,000,000 \\
$2,500,000 \\
$2,000,000
x
$1,500,000 . \ ; : , ,
1.56+10 2.0E+10 2.5E+10 3.0E+10
CW Cavity Q,
€ =
¢ Fermilab

Grassellino, High Q SRF | NAPAC 2016 9/28/2016




The High-Q Milestones Timeline @ FNAL

2012
Discovery of N-doping

--------------------------------------- 2013
R&D effort to make N-doping

controllable and reproducible
2014 -

Discovery of efficient/inefficient G T 2014
Meissner expulsion— slow vs fast LCLS-II choice of N-doping,

cooling through Te High Q collaboration FNAL, JLAB
and Cornell University

2015 e O 2015

More than 100 N-doped cavities
processed and tested, 18 cavities
qualified for the 2 LCLS-II prototype
cryomodules

N doping technology
successfully transferred tc
industry

2015 and 2016
R&D continues deepening the understanding and improvement of doping, flux expulsion
Low-T N-infusion - higher Q with quench fields up to 45 MV/m
First Cryomodule with doped cavities demonstrates avg Q ~ 2.7e10 at 2K, 16 MV/m
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Outline

N-DOPING - PHYSICS AND TECHNIQUE

HIGH-Q PRESERVATION

STATE OF THE ART PERFORMANCE AND
APPLICATIONS

CONCLUSIONS
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The discovery of N-doping

Q-factor improvement after N-doping — up to 4 times
higher Q than standard Nb cavities

1011 | ! | ! | ! | ! | ! | '/ | ! | ! |
5 / ]
- ww :
v"/vw W { [+ Typical Q vs Eacc curve
Anti-Q-slope |  obtained with 120C bake

/ (standard ILC treatment)

* Avg Q with doping is 2-4
o 10"} . times state of the art
3 1 |+ Example, for 1.3GHz, 2K,
mid field Q ~1.5e10
versus >3e10
« Systematically above Q
[0 A obtained with any other
0 5 10 15 20 25 30 35 40 surface treatment
E__(MV/m)

acc

A. Grassellino et al., Supercond. Sci. Technol. 26, 102001 (2013) — Rapid Communications
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N-doping treatment

800C UHYV,
3 hours

/D'

O O O O O O
O O O O O O

© O O O O
© O O O O
O O O O O O

O

800C N,
injection
p=25mTorr

O
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800C N, 2
minutes

O O O O O O

© O O O O O

800C UHV,

6 minutes

© O O O O O

© O O O O O

UHV
cooling

© O O O O O
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N-doping treatment
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800C N, 2
minutes

O O O O O O

© O O O O O

800C UHV,

6 minutes

© O O O O O

© O O O O O
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N-doping treatment (example: the “2/6 recipe”)

N\‘ “o' o* ‘.oo/Nz
0 0000 o0co
Nb\QQQ.Q Q.Q.QQ,QQQQQ
QQQ'@?Q-Q.QQ.Q.QQ
O 0e0O OO O O0OOO0O0 O O
O O O 0O O 0O O O O O O 0
O O O 0O 0O O O O O OO O 0
a¢ Fermilab

12 Grassellino, High Q SRF | NAPAC 2016 9/28/2016



N-doping treatment (example: the “2/6 recipe”)

N
N
0’0 0l0,0.0% 0 0.0,0,
[ e e o e e o
v O .0°0 0.0 0,0 0 0 00
\0 ® e o e e o
©0 000000000
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0,0 0000 0,00¢C0
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© 0000000000
[
O 0O 00 000000
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N-doping treatment (example: the “2/6 recipe”)

800C N,

800C UHV, .| 800C N, 2 | 800C UHYV, UHV

© 00000000000
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©0 0000000000,
®
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N-doping treatment (example: the “2/6 recipe”)

800C N
WU — o (—f ST | o U sumer
A 20 @800C
i ith
NbXNy ": ol | w1 2;:111[111;(1):1\12
S ——H3
z ——H7
) 5 oo 4
©.0 0 0 00O O e
o @ o [ J o \
10°F
Nb©©°©©©©,oo
® ® ¢ ® ® 0 5 10 15 20 25 30 35 40 45 50
Q Q Q Q Q \ Q O O _depth [um]
N _
O P
N /
O
O
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N-doping treatment (example: the “2/6 recipe”)

800CUHV, | | 800CN, | | goocN,2 | | 800CUHV, | |  UHV —
3 hours i pg%?:ﬁ_grr | minutes | 6 minutes i cooling >
Nb Final RF Surface

QQQQQQQQQQQQ
QQQQQQQQQQQQ

N/

QQQ‘QQQQQQQQQ
QQ.QQQQQQQQQQ,
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N atoms density [cm

N-doping treatment (example: the “2/6 recipe”)

800C UHYV, ?nt}ggi(’)\'ﬁ | 800CN,2
3 hours e minutes
""" 20 @ 800 C
) with 25 mTorr N,
10" —— Sample

—H3
H7
C4

| 800C UHYV,
"I 6 minutes

UHV
cooling

Only Nb from TEM/NED

spectra:

N must be interstitial

— 5 um EP

Y. Trenikhina et Al, Proc. of SRF 2015
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Origin of the anti-Q-slope

RS(ZK BTmp) = Rpes (2K ) + Ry + Ry ( Brrap, 1)

1 011 | L e —
/ 17 717 ‘71 " 1 ‘' T ‘' T T T '
- ] F | —@— standard treatment -
Antl Q S I O pe ] 10 F | —w— standard treatment ~@ ]

. | —®— nitrogen treatment E
[ | —@— nitrogen treatment
Oo 10"k E

109 [ T R R SR S SR SR :
0 5 10 15 20 25 30 35 40 -
Eacc (MV/m) //
Anti-Q-slope emerges from |

2K
BCS

the BCS surface resistance 42 "4 6 8 10 12 14 16 18
decreasing with field E__(MV/m)
A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013) - Rapid Communications # Fermilab
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Origin of reduction of RF surface resistance via N doping

LE_“/SR measu rements (Ba=25mT) 22 T lll"\ T T LI lll' T T 1T lll' T T 1T lll'
—=— EP 120 um + BCP 10 um finish ol Y Recs @16 MVIM: Rycs theoretical curves: ]
~15nNnm-no0 | e EP120um i . © Doped cavities ---- AKT =2 e
| screening -4 EP 120 um + 120C bake 18 |- \ @ Non-doped cavities ____ \y1 2905 i
—w— Nitrogen treatment X \\ ¢ ///
104 =—H or \ -
et N-doped: ~ 14 N J20 '
.\\ . " G 14 = \\b k d L’ -
N> l// mfp~40 nm 2 ol " '
P ki T + ]
p4 ; Q10 L N -7 -
S 0.5 \i 120C bake: o 10 I B
@ L el oL T .
P mifp~2-16 nm
—e I 4 6 - _
EP:mfp = 1 T—
0.0 \'\ix‘ 4T ]
%1 >400 nm -
2 Doped ]
T T T T T T T T T ' 0 bl el e L1l
0 20 40 60 80 1 10 100 1000
Average depth (nm) £ (nm)
A. Romanenko et al, Appl. Phys. Lett. 104, 072601 (2014) M. Martinello et al, Appl. Phys. Lett. 109, 062601 (2016)

A. Grassellino et al, Proc. of SRF2015

v" N-doping modify the mean free path
—~>Mean free path close to theoretical minimum of Ry

v" N-doping seems to increase the reduced energy gap A/kTc

€ .
2 Fermilab
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N-DOPING — PHYSICS AND TECHNIQUE

HIGH-Q PRESERVATION

STATE OF THE ART PERFORMANCE AND
APPLICATIONS

CONCLUSIONS
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Trapped Flux Surface Resistance

Rs (2K,Brrap ) = Rpes (2K ) + Ry + Rpy

These losses can be reduced by minimizing these contributions:

N

« Magnetic shielding/hygiene
Improvement

 Fast Cooling
* Material Optimization

* Optimizing mean free path

€ .
af Fermilab
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Trapped Flux Surface Resistance

RS(ZK»BTrap)=RBCS(2K)+R0+RF1
Rp = BexL'n'S

These losses can be reduced by minimizing these contributions:

External - Magnetic shielding/hygiene |
magnetic improvement )
field

» Fast Cooling
* Material Optimization

* Optimizing mean free path

€ .
af Fermilab
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Magnitude of magnetic field (mG)

Minimization of remnant field in the cryomodule

1000

800

600

400

200

Empty vacuum vessel

T T T T T =TT T
Magnitude, pCM VV before demag lower equator

Magnitude, pCM VV before demag beamline 4
Magnitude, pCM VV before demag upper equator
- = -Magnitude, pCM VV after 65 A demag lower equator
— — -Magnitude, pCM VV after 65 A demag beamline ]
— — -Magnitude, pPCM VV after 65 A demag upper equator
"
1Yy | -
(>

Demagnetization
W ‘
]

20160512 LCLS-II pCM Vacuum Vessel at MSB, SKC

o 1 2 3 4 5 6 7 8 9 10 11

Distance from US flange (m)

A. C. Crawford, https://arxiv.org/pdf/1507.06582.pdf
S. K. Chandrasekaran et al, TUPLR0O27, LINAC16

Measured magnetic field component (mG)

50

40 F

E A Outside He vessel ™

30 F

Assembled Cryomule

B Cavity top
@® Cavity bottom

B Work station 5 start

B Work station 5 end B

After demagnetization

20 |

10 £

Demagnetization

20160704 LCLS-IT pCM Magnetic Fields at WS5, SKC

3 4 5 6 7 8

Cavity number
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Trapped Flux Surface Resistance

RS(ZK»BTrap)=RBCS(2K)+R0+RF1
Rpy =By 'n- S

These losses can be reduced by minimizing these contributions:

N

* Magnetic shielding/hygene

Improvement )

Flux  Fast Cooling \
Expulsion » Material Optimization )
Efficiency .

« Optimizing mean free path

€ .
af Fermilab
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Fast cooldown helps flux expulsion

* Fast cool-down lead to large thermal gradients which promote
efficient flux expulsion

* Slow cool-down = poor flux expulsion

5x10"° F—— - T - T - . - .

4x10" £

il : weche g,
. . L 1 axw0°E M’ b,.&

g

iy
@™
1
]

2x10"

Efficient flux expulsion | =®™*%#esialuy;

-
o
T
-

Expulsion ratio BSC/ Bnc
u ]
° [ ]
/-
\
>

-
N
1

) | -’ Iv Y
] ! /
A” ﬂux trappe Slow cooldown from 20K

|
1.0 » < ® Fast cooldown from 300K
) | r A Fast cooldown from 100K
PR — p PR v Slow cooldown from 20K
T-T K 1 N 1 N 1 N 1 N 1
T2 (9 0 5 10 15 20
— E,.. (MV/m)
< Bsc/Bnc=1.74 after complete

Meissner EffECt A. Romanenko et al., Appl. Phys. Lett. 105, 234103 (2014)

A. Romanenko et al., J. Appl. Phys. 115, 184903 (2014)
D. Gonnella et al, J. Appl. Phys. 117, 023908 (2015)
— Bsc/Bnc:l after M. Martinello et al., J. Appl. Phys. 118, 044505 (2015)
. S. Posen et al., J. Appl. Phys. 119, 213903 (2016)
25 | Grfssellino, FigH Q SRFfH/lLAﬂlz'(%strappmg S. Huang, Phys. Rev. Accel. Beragyedf; 082001 (2016)




High T baking for flux expulsion improvement

* Not all materials show good flux expulsion even with large

thermal gradient

 High T treatments are capable to improve materials flux

expulsion properties

BSC/BNC

181 ruil expulsion
1.6-
147
1.21
]
pEl @
o " m  AES017 2/6 outside BCP
e A AES017+1000C 4h + 2/6 dope
Full trapping * AES017 additional test
L L [ [ [

0 5 10 15 20 25 30
AT During Cooldown [K]

S. Posen et al., J. Appl. Phys. 119, 213903 (2016)

26 Grassellino, High Q SRF | NAPAC 2016

40

1.8 Full expulsion
w7
1.6}
1.5}
o
14} . o &
™
.
@13} o
1.2¢
™
1.1F
L et ® Baseline treatment| -
Full trapping o Reset+900C
Ug | | |
0 5 10 15

AT During Cooldown [K]

2% Fermilab
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High T baking for flux expulsion improvement

* Not all materials show good flux expulsion even with large
thermal gradient

 High T treatments are capable to improve materials flux
expulsion properties

B AES017 2/6 outside BCP

A AES017+1000C 4h + 2/6 dope

1.8/ Full expulsion
At L L L L L L L LR bbbt
16 & M
&
o
=
L 14"
3 | After 1000C
m
1.2F
]
pElE @
l‘. =
A e e
Full trapping

*  AES017 additional test
I I I

0 5 10 15 20

25 30 35

AT During Cooldown [K]

S. Posen et al., J. Appl. Phys. 119, 213903 (2016)
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1.8 Full expulsion
17T T g T T
o o . O g ° DD = oo
16 o "
el After 900C
" o
o
14l . o &
™
.
@13} o
1.2+0
™
1.1F
L et ® Baseline treatment| -
Full trapping o Reset+900C
Ug | | |
0 5 10 15

AT During Cooldown [K]

2% Fermilab
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Trapped Flux Surface Resistance

Rs (2K,Brrap ) = Rpes (2K ) + Ry + Rpy
Rri = Bext ES

These losses can be reduced by minimizing these contributions:

Trapped
Flux
Sensitivity

* Optimizing mean free path ]

€ .
2 Fermilab
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Light doping to minimize trapped flux sensitivity

Trapped flux sensitivity:
Rp

Brrap 2.0

S =

* Bell-shaped trend of S as
a function of mean free 1.5
path
1.0

S (nQQ/mG)

* N-doping cavities present
higher sensitivity than
standard treated cavities 0.5

* Light doping is needed
to minimize trapped flux
sensitivity

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016)

29 Grassellino, High Q SRF | NAPAC 2016

120 °C
baked

o
&

¢ Sensitivity data @ 5 MV/m
o Sensitivit){ data @ 16 MV/m |

Doped

2/6 N-doping

EP/BCP |

1

e

0.0 b

10

100
£ (nm)

1000

2= Fermilab
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The advantage of N-doping in condition of full flux-trapping

5X1010 T | T T T T
—— 2/6 N-doped
-120 C baked
4x10" - =
£
>
=
© 3x10" -
<
N
o 2x10"
1x10"
I ! | ! |

0 5 10 15 20

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) BTrap (mG)

€ .
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The advantage of N-doping in condition of full flux-trapping

5X1010 T I T T T T

—— 2/6 N-doped
—— 120 C baked

4x10" —\ &P =
{L

= Gain in Q-factor given by the

2 N-doping in condition of full

© 3x10" - flux trapping .
o

N

5°2x101°—

1x10"

0 5 10 15 20

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) BTrap (mG)

€ .
2 Fermilab
31 Grassellino, High Q SRF | NAPAC 2016 9/28/2016



The advantage of N-doping in condition of full flux-trapping
5x10" ; !

4x10" —\

—— 2/6 N-doped
—— 120 C baked
—EP

§ N-doping wins over standard
= . treatments as long as the field
2 > N trapped is <10 mG ]
~ i
N |
o 2x10 - :
:
|
1x10" - :
|
- | - : - . .
0 5 10 15 20

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) BTrap (mG)

€ .
2 Fermilab
32 Grassellino, High Q SRF | NAPAC 2016 9/28/2016



Example with LCLS-Il specifications

5x10" ; : . : . |
—— 2/6 N-doped
——— 120 C baked
4x10" EP i
£ 10
S Toreach Q = 2.7-10"" we can
= 10" afford 2.5 mG fully trapped
o
AN
o 2x10" 4
1x10"° S
\ 4 I : : ' | '
o 25 5 10 15 20

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) BTrap (mG)

€ .
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Example with LCLS-Il specifications

5x10" - ! - . - .
—— 2/6 N-doped
—— 120 C baked
4x10" + =k -
£ To reach Q = 2.7 - 10'° we can
= g afford 2.5 mG fully trapped
X . :
~ Ambient B<2 mG for the LCLS-lII Fermilab
go 2x10" - prototype cryomodule
1x10"° 4 R a——"
o 2.5 5 | 10 | 15 | 20

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) BTrap (mG)

€ .
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Outline

STATE OF THE ART PERFORMANCE AND
APPLICATIONS
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LCLS-Il: from single cell to cryomodule
2min/6min doping recipe

11
W77 77 7T T T T T T T T

2.7x10" F

LCLS-Il nominal

TBIAESD20 - FNAL
TBIAESD24 - FNAL
TBIAESO26™ - FMNAL .
TBRAESOZT - FNAL
TBOAESO28 - FNAL
TBSACCO15 - FNAL
TBAAES019 - FNAL
TBOAESO21" - FNAL
TB9AESO033 - JLab
TBSAESOD35 - JLab
TBIAES034" - JLab
TBIAESO3E™ - JLab
. TBIAES031* - JLab
¥ TBYAES03Z" - JLab

T = ZK, 13 CEHZ1I 9-0&”5 * - comected for NbTi flanges
109‘ o1 e 1o e 0 s 0 4 1 a4 1 . 1 4

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
E_ (MV/m)

* LCLS-Il specification: Q = 2.7e10, 2K, 16 MV/m

* Prototype cavities for LCLS-II:
<Q> "~ 3el0 @ 2K 16 MV/m, <Eacc>~ 22 MV/m

-8 SXAc4dpreon

€ .
af Fermilab
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LCLS-Il: successful transfer to industry of N doping

Qo at 2K
5.0e10 1

4.5e10 1
4.0e10 1
3.5e10 1
3.0e10 1
2.5e10 1
2.0e10 1
1.5e10 -

1.0e10 -

5.0e9

@ AES025 before doping (baseline test)
® AES025 N2A6 EP5

QO values corrected for cavity flange losses during performance testing,
which will not be present in the LCLS-II cryomodule

e® ® ® @0 8y guench-limited at 20.7 MV/m (no FE)

X et
0" (@]
o ®
..
® ©
vendor
qualification
goal
°
LI
°
® e o o Seseee .~ Courtesy of Jlab
()
®e Q-slope limited (no FE)
5 10 15 20 25 30 35

Eacc (MV/m)

— Four times higher Q (cavity efficiency) at LCLS- operatlngﬂadlent

Fermilab
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Demonstration in a cryomodule-like environment

Q can be fully preserved from bare cavity
test to fully jacketed state with RF
ancillaries, in cryomodule environment

1 011 T T T T ' T T T T T
o I o0 ¢ "o e ""’o”‘
& = °
¢© VTS bare cavity test
@ HTS fully integrated
O LCLS-II Specification
1 010 : L } L : ! g | . 1 ,
0 5 10 19 20 25 30
E,_. [MV/m]
3F Fermilab
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New: preliminary results for first LCLS-2 cryomodule (FNAL)

Qo (2K) Gradient
@16MV/m Reached

* [MV/m]
TBO9AES021 23 3.1E+10 19.6 18.2 14.6 2.6E+10
TBO9AES019 19.5 2.8E+10 17 16.8 15.6 2.6E+10
TBO9AES026 214 2.6E+10 17.3 17.2 NoFE  2.7E+10
TBO9AES024 224 3.0E+10 16.5 16.0 NoFE  2.5E+10
TBO9AES028 28.4 2.8E+10 14.9 13.8 11.5 2.4E+10
TBO9AES016 18 2.8E+10 16.7 16.7 14.5 2.9E+10
TBO9AES022 21.2 2.8E+10 17.4 171 12.7 3.2E+10
TBOAES027 22.5 2.8E+10 16.8 16.6 13.8 2.5E+10
Average 22.1 2.8E+10 17.0 16.6 14.7 2.7E+10
bt 176.4 136.2  132.5
Voltage
*Max gradient currently reached, limited by RF limits, **Usable Gradient: demonstrated to stably run CW, ***Fast cooldown from 45K, 40
multipacting or field emission FE < 50 mR/h, no dark current g/sec, extrapolated from 2.11K
25 Fermllab

39 Grassellino, High Q SRF | NAPAC 2016 World Record Q CW@W\OdU'E



New recent flndlngs Iow T (120 160C) N- doplng

telaesOlS

3x10" t

B 5d @ 800 C

A 3h @ 800 C +48h @ 120 C post oxidation
® 3h @800 C +48h @ 120 C +25 mTorr N,
o
v

3h @ 800 C +48h @ 160 C +25 mTorr N,
3h @ 800 C +96h @ 120 C + 25 mTorr N, (telpav007) |

0 5 10 15 20 25 30 35 40 45

3x10° t

E_ [MV/m]
* Doping at very low T — few nanometers only of N enriched layer
* Very High Q at both medium up to very high accelerating fields, no quench field
limitations (up to 45 MV/m)

Grassellino, High Q SRF | NAPAC 2016
9/28/2016
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Zoom in on “standard” vs “N infused” cavity surface
treatment

1 ()11 .

o 10

o 10

10°

41

| 4 I ! I ' I ' I . I d I d I d I
® |LC processing
®  Modified 120C baking (N2 included)

P amn

| .::.:.::L?.

2.50E+010

2.00E+010 \\
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*FNAL recently demonstrated (on
single-cell cavities) a new
treatment, which utilizes “nitrogen
infusion”.
 Achieved so far:

45.6 MV/m > 194 mT

with Q > 2-1019!
*Systematic effect observed on
several cavities.

*R&D to focus on :

a) Optimize the recipe;

b) Implement and demonstrate
improvement with statistics on nine
cells cavities;

c) Demonstrate preservation of
performance in cryomodule;

d) Transfer technology to industry.



The importance of High at High Gradients

« Raising Q at high gradients is necessary for cost reduction of high gradient
machines like ILC

« For a machine like ILC, these findings can turn into >10% cut in machine costs

ILC cost vs. gradient and Q - 500 GeV
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Outline

N-DOPING — PHYSICS AND TECHNIQUE

HIGH-Q PRESERVATION

STATE OF THE ART PERFORMANCE AND
APPLICATIONS

CONCLUSIONS

2= Fermilab
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Conclusions

 Record Q at medium and high accelerating gradients reproducibly
achieved with N doping technology, from single cell cavities to
multi-cells cavities in accelerator environment, at different labs,
technology now transferred to industry and proven all the way
down to cryomodule

* Efficient magnetic flux expulsion discovered, can be achieved with
fast cooldown and material optimization

 Unprecedentedly low magnetic field levels <2mGauss achieved in
cryomodule

* N-doping even with larger B-sensitivity leads to higher Q-factors
than state of the art treatments for trapped B< 10 mG

 Very High- Q at ultra high gradients now possible with low T N-
doping — more to come! 012812016



Thank you for your attention!
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