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Gradient Yield after First Treatment (as of Sept 2015)

Maximum Gradient MV/m

738 cavities
- from two vendors, Rl and EZ

EZ vendor used Bulk EP and Final BCP
Rl vendor use Bulk EP & Final EP (as for ILC)

Final EP gives 3 — 4 MV/m higher
performance

Lesson for highest gradients
- Don’t use BCP

Max Grad ient Usable Grad ient

RI EZ C RI EZ C
<G>vmv/im 33 29.6 31.4 29.4 26.3  27.7
28MV/m 86% 73% 79% 66% 414%  54%

Yield at
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Definition of Max and Usable Gradients

Definition of Maximum and Usable Gradient

o Oy x10'0
E Top X=Ray/0.01
+ Bottorn X-Ray /0.12

MAX gradient (BD)

('Y

Top X-Ray limit (0.01 mGy/min)
Bottom X-Ray limit {(0.12 mGy/mim)

Figure 8: Breakdown of usable gradient limiting criteria
for as received fests.

R&D Needed on Medium Field Q-Slope
/ l ‘ « Max gradient1s 30 MV/m

% 2wz % W « Usable gradient IS 25.5 MV/m
imited by bottom x-rays

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015
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Compare XFEL to ILC need

« We can anticipate (optimistically)

Ave Max Gradient will rise to from 33 to 36 MV/m on 2"9 treatment
- More than 25% re-treatments may be required for ILC

But yield of usable gradient needs to be improved
- We need 90% yield for gradient > 28 MV/m with average of 35 MV/m

Substantial gain possible if Medium Field Q-slope Is overcome
- >50% cavities fall below Q 1010

Fix medium Field Q-slope
- Proper doping? to be invented?

Next addressable limit is field emission
- limits about 20% of cavities

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015



Future R&D Areas for ILC and TeV Upgrade

- Raise gradients

Nb cavities of improved shape
New materials, in particular Nb;Sn

- Raise Q

Improve understanding of Q-drops

Explore Nitrogen (or other) doping

Reduce magnetic field in cryomodules!

Improve flux expulsion via cooling in cryomodule
Reduce field emission

 Lower costs

Reduce Nb material cost

* Explore Nb-Cu composite
 Large grain Nb

Reduce cavity fabrication cost
* Hydroforming and Spinning

Hasan Padamsee/ILCWS2015 Whistler

11/18/2015



FNAL high grad/high Q R&D plan

* Revolutionary:
— Nb3Sn (will hear from S. Posen)

— Different doping (can change field of first penetration and has potential therefore of
Increasing dramatically gradients)

e Incremental:
— N doping recipe refinement
— Magnetic field management (efficient cooling and magnetic shielding)
— Change shape (see G.Wu)

— Field emission in vertical test and cryomodule
 In vertical test, try innovative HPR techniques
* In cryomodule, explore FE processing — we have the perfect tool on the floor here at FNAL

 Material cost:;

— Nb on Cu films or explosion bonded
2¢ Fermilab

7 Grassellino | Performance of N doped cavities 11/18/2015



Nitrogen Doping: a breakthrough in Q

Record after nitrogen doping — up to 4 times higher Q! Average values obtained on
nine cell Q(2K, 16MV/m)~ 3.5e10

1011 : I ! I ! I ! I ! ‘ ! I ! I ! I ! I :
vww "'g Typical Q obtained in VTS with
120C bake ~ 1.7e10 at 2K, 16
MV/m
O? 1010 — Standard state-of-the art —
B preparation
T= 2K 1.3 GHz
10° ———!

O 5 10 15 20 25 30 35 40
E (MV/m) A. Grassellino et al, 2013 Supercond. Sci. Technol. 26 102001 (Rapid
acc Communication)

2= Fermilab
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From single cell R&D to cryomodule ready technology:
FNAL, Jlab, Cornell, SLAC together towards record Q >2.7e10 @16MV/m, 2K

2min/6min doping recipe
1011 ! I ! I ! I ! I 4 1 v I v I M I v I v I ! I ! I ! I !

oS | <0Q>=3.5e10
7 <E,..>=22.2 MV/m
E..median=22.8MV/m

2.7x10™ [ RGPt 2o 3asaBo Do i
N LCLS-Il nominal

TBOAESO020 - FNAL
TBOAESO024 - FNAL
TBOAES026* - FNAL
TBOAESO027 - FNAL

Tooncers . mac | 1 A.Grassellino et al, IPAC15

TBOAESO019 - FNAL
TBOAESO021* - FNAL
TBSAESO033 - JLab
TBSAESO035 - JLab
TBOAESO034* - JLab

Teoncsoss oie | | See at this conference:

TBOAESO031* - JLab

TBOAESO032* - JLab ] M O P BO33

T = 2K$ 1 '3 GHZ’ g_CeIIS * - corrected for NbTi flanges

T D S MOPB029

4 10 12 14 16 18 20 22 24 26 28

E__ (MV/m) MOBAO7

acc

It is the highest average O ever demonstrated in vertical test MQBASNY nine cells at 2K,
16 MV/m in the history of SRF
(larger than a factor of two the state of the art)

XX+00 #xAc4qHon

2= Fermilab
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Comparing to standard treatments

10" ¢ T T T T T T T T T T ]
; e .,,ﬂﬂ'." *Pece N oo,
" e Gy -b.!. ]
: Factor of 4 higher Q at typical :
CW operating gradient!
'P-.“.onqﬂoo. ® ®eocoeee ®ccee
e J
o 1@°; ‘ha‘ E 10" g T y T T T T T y T T 3
- ] 3 e © © ° 3
® 8x10"° i 1.8K E
Y °
i | 6x10" 3
e EP 1.3 GHz, 2K 1 F .
e EP-+nitrogen treatment - - ces ]
10 | o AH*® e ®e o -
10° . L . L : : : L : L : 4101 .-“.-o. 2K ]
0 5 10 15 20 25 30 - ’ @ - .
E.._ (MV/m) I~ [ S e ]
A @ o 1.8K _
| % .
2x10"° |- @ ® e -
A ® o0q oo _
- 2K -
 ® |LC standard recipe (EP+800C+EP+120C) i
- ® N doping Fermilab :
l L I 'l l 'l l L l L

0 5 10 15 20 25
E__ (MV/m)

acc

=2F Fermilab
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The importance of a high Q technology — the case of the CW machine LCLS-2

Example of 120C baked (standard ILC/XFEL technology)

6.0 10"

5.0 10"

4.010"

3010

2.010"

1.010"

Would likely require > 2 full cryoplants

t

“"Fabrication: 10 by ACCEL/RI, 6 by AES

---Processing following standard ILC reclpe

T !
16 cavitles prooes'sed and tested at JLab since July1,2008 T 2

- 210ct0B
26fegb(9
8dec08
Sfeb09

All
Al2 -
A13 -
Al4 -

A16 - 11feb10
RIS - Zjun10

RI19 - 22jun10
RIZ7 - 9sept10
RI28 - 180ct10

AESS5 - 27mar09 |-
AESSE - 14sepl09 |-

AESS - 26aug09
AESS - 7oct09

AES10 - 6novDg ||

nwo Vs threg ZK cryopla

o] 10 2 0

{1} 3
Eacc [MV/m]

RLGang180CT2010

4.0x10"°

3.6x10"

3.2x10"

2.8x10™"

2.4x10"

2.0x10"

1.6x10"

1.2x10™"

Example of N doped

Dressed cavity for LCLS-2
Below the one cryoplant threshold
T=2K, fast cooldown from 300K

I H I I I H I I I H I H I H I

Pre-dressing
Post-dressing

L e

=" %0 = o & = N

= %-= m EER .

.
il ®

LCLS-Il spec

One vs two 2K cryoplants
threshold .

10 12 14 16 18 20

Eacc (MV/m)

4 6 8

* N doping technology allows significantly lower refrigeration costs (capital, operating)
« Larger margin and possibility for an energy upgrade for same refrigeration cost

11

Anna Grassellino | Accelerator Seminar, University Of Chicago, November 2015
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Currently highest achievable gradients with N doping

» Single cells can reach > 30 MV/m (Jlab 39 MV/m, Cornell and FNAL 35 MV/m)
* Nine cell ~ 29 MV/m

 Need more work to refine the doping procedure to reach higher gradients, but
getting close already

* Work ongoing, potential to raise ILC yield by increasing Q

2= Fermilab
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Need to cool down fast through Tc to expel magnetic flux efficiently

4.0x10"° . . I . . . , : ,
3.8x10"°
3.6x10"°
3.4x10%°
3.2x10%°
3.0x10"°
2.8x10"°
o 2.6x10"
2.4x10%°
2.2x10%°
2.0x10"°
1.8x10"°
1.6x10"°
1.4x10"°
1.2x10"

1.OX1010 | 1 | 1 | 1 | 1 |
O 5 10 15 20

E__ (MV/m)

acc

 Dressed 1.3 GHz N doped
nine cell cavity vertical test at
T=2K

Effect less severe at 650 but
still important

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

EanEEgEn, Ny s s SEEEgEEEmE L™
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A. Romanenko, A. Grassellino, O. Melnychuk, D. A. Sergatskov, J. Appl. Phys. 115, 184903 (2014)

A. Romanenko, A. Grassellino, A.Crawford, D. A. Sergatskov, Appl. Phys. Lett. 105, 234103 (2014)

D. Gonnella et al, J. Appl. Phys. 117, 023908 (2015)

M. Martinello, M. Checchin, A. Grassellino, A. Romanenko, A. Crawford, D. A. Sergatskov, O. Melnychuk, J. Appl. Phys. 118, 044505 (2015)

.. =
A. Grassellino - Director’'s Review, Oct 20-22 2015 - 3 Fe I' m | Iab
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Fully Integrated Test at FNAL — TBOAESO021

. —= : I3 = e
g NI WIS S

High power coupler, HOI\A/I*'S, tuﬁﬁér, double layer magnéti shielding...

.. =
A. Grassellino - Director’'s Review, Oct 20-22 2015 - 3 Fe I' m | Iab
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Fully Integrated Test at FNAL — TBOAESO021

1.0E+11

# Specification
# Horizontal Fully Integrated Test
ANTS Bare Cavity Test

. v
AL < <

HTS gradient was > 23 V/m.
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1.0E+10
0 5 10 15 20 25 30

Eacc [MV/m]

No degradation from bare to horizontal dressed test with right cooldown procedure,
HOMs and high power coupler thermal strapping, and magnetic shielding

.. =
A. Grassellino - Director’'s Review, Oct 20-22 2015 - 3 Fe I' m | Iab
15



Why do we need degaussing & cancellation coils?

* Need to shield longitudinal component of B

— Active cancellation proven to be effective method [2,5,6]
300 30.0
250 250 o
200 20.0

§ 15.0 é 150

= 10.0 = 100 | I ﬂ "
. LCLS-Il Spec. NI . [LCLSHII Spec. I
5. 5.0 ] I | ™

[ |

0.0 0.0

o 1.000 2000 3000 4000 5000 6000 7.000 8000 9000 10,000 11.00

Distance from First endcap [mm]

Without active cancellation (FEM calc.)
we expect B,,, ~ 15-20 mG

[2] A. Crawford, arxiv.org/ftp/arxiv/papers/1507/1507.06582.pdf.
[5] The Conceptual Design Report for the TeSLA Test Facility Linac, Version 1, 1995.
[6] T. Bitter et al., Nucl. Instrum. Methods A, 309, 1991.

16 S.K. Chandrasekaran | LCLS-Il Vacuum Vessel Degaussing & B Cancellation Coils

0

1.000 2,000 3,000 4,000 5,000 6000 7,000 8000 9,000

10,000 11.000
Distance from First endcap [mm]

With active cancellation (FEM calc.)

we expect B, <3 mG

2= Fermilab
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Ideal cooldown/shielding evaluation on dressed doped 9-cell cavities:
Instrumentation

 Four LCLS-2 cavities dressed at FNAL with 4 flux gate probes and 4/6 T sensors installed on cells

* Goal: study how to achieve best cooldown conditions in horizontal dressed configuration and in
cryomodule

=15 rans SET D/A A/D Com—U #FTool
IS?!&E::E—‘;-ID M=TIME V=Z:HTTH20 ,Z:HTTK21 ,Z:HTTH22 ,Z:HTT
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Snlann!ﬂ Cusrrent Fluxgate CNX Sensor H$E|r:;;$;:ma'hga HOM1 Flange Tenp
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A. Grassellino - Director’s Review, Oct 20-22 2015 P T p R het temp
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Fast versus slow cooldown in HTS confirms the findings

1.0E+11
| ® 10K slow cool down
5 * Specification
: + 45 K fast cool down

=

o - > & -g s &
[ |él "é" I'é-l "i'l

1.0E+1U L 1 L 1 | ! | | | 1 ] | 1 ] 1 'l 1 1 1 [ 2 z x - 1

0.00 5.00 10.00 15.00 20.00 25.00

Eacc [MV/m]

Cavity not meeting specifications with slow cooling in HTS with double shield
cryoperm configuration (Q ~ 2.2e10 at 16 MV/m, 2K)

. N =
A. Grassellino - Director’'s Review, Oct 20-22 2015 e Fe rmi Iab
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Solenoidal studies performed to study efficiency of flux expulsion

* Apply 20 mGauss and measure increase in residual resistance for different

cooldowns with ifferent cooling parameters <% Fermilab

19



Efficiency of magnetic flux expulsion in HT: 60-80% detrapping

7.00E+10 -
¢ from 45K -coils on (7K
6.00E+10 -
rad
~ = 0 grad)
5.00E+10 - . .
i from 45K - no coils
(10K grad)
Q 4.00E+10 -
+ 5 nanoOhms, with 20 mGauss field
3.00E+10 - - 0.25 nOhm/mGauss
o e v .
2.00E+10 - * 9
1.00E+10 -  Asensitivity 0.25 to 0.5 nOhm/mGauss is the range obtained for different fast cooldowns of
different flow rates 1- 4 g/sec
O-OOE+OO T T T T T 1
0 2 6 8 10 12 14 16 18 20
Eacc [MV/m]
60% to 80% of flux is expelled Achieving as low as possible

depending on cooling parameters magnetic field.Is crusq - milab

rassellino - Director's Review, Oct 20-Z22 ZU15
20



ldeal Cooldown Procedure Recommendation

e Cooldown to 45K

 Pause at 45K — then fast cooling from 45K with ~ 3 g/sec flow rate
* Low starting T for fast cooldown minimizes thermoelectrically induced fields but gives

thermogradients large enough for expulsion

« Final verification of cooldown parameters will occur in test of pCM

S0 50
k= === ¢ Flux wave, travelling | 40
<1, from cavity to .
~ \beampipe
40 - i pip 30
Flux all confined to 1
beampipes, after 20
efficient expulsion from 1
30 cavity cells 1 10
p— = = 0
x, 1
— -10
20 - ; ]
: _ -20
]hennoefectrically- " : : : : g:::g ;:;f — ;P{‘:q::::al 30
induced field Te L3 -‘ Cell1 45° |
10 + \ o, Celi1 Trans _40
b
_______ T i o e e s i o )
0 v T T T T T T -80
O 60 120 180 240 300
Time [s]

A. Grassellino - Director’s Review, Oct 20-22 2015
21

H [mOe]

Q,-10° @ 16MV/m

2.6

2.4

-------------------
® Mean Pressure
m Median Pressure
Linear Fit = 45
- Linear Fit _
Label Starting T [K]
m e 35 om 30
_ - .
i Warm beam pipes
me 35 p
J
= & 120
P 1 M 1 M 1 L 1 i 1 M 1 M [ i 1 M 1 i
15 16 17 18 19 20 21 22 23 24 25

Pressure [psig]
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omodule at Fermilab:

Comparison of CM-2/RFCAD02 Cavity Gradients

.@-
i

i)
un

=3
=

(7]

(]
L=

b
L

Pt
=1

E
=
=
-
=
=
=
o
L]

—
(F) ]

=]

Cryomodule

Cavity Peak Limitation
Gradient
(MV/m)
1/TBOAESO08 32.3 Quench
2/TBORI018 31.8 Quench
e Verteal Test 3/TBO9AESO10 =33 thd
4/TBORI019 =33 tbd
= Horizontal Test S/TBOACCO16 >33 thd
bserent verti 6/TBOAESQ09 29.8 Quench
Test 7IRI0Z27 =33 thd
m nstalled in 8/RI1028 32.2 Quench

In Cryomodule to
Limnit

*f*“

ﬂ~:- !

Cavity Location fSerial #

Peak CM-2 Cavity Gradients with all 8 powered at once:
Sum = 258.1 MV, Average = 32.2 MV/m




Q Values in CM at Fermilab

RFCAQ002, 2 K, 5 Hz, 596+969 us pulse
1u‘|'1

C1 (TeaaEso0s) |
C2 (TBARIDAA)

C3 (TBAESO10)
C4 (TBORIDG)

CS (TBRACCO1E)
CE (TBaAES009) F
CT (TBORIDZT)
C8 (TBORIDZA)

SIS e TH

5 10 15 20 25 30 35 40
E,.. [MV/m]

Qg vs. gradient

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015




How do Costs Scale with Gradient?

A
D
)
=
<
®
O
o
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C. Adolphsen (SLAC)

= —————

Gradient MV/m

35 MV/m is
close to
optimum

30 MV/m
would give
safety
margin

Hasan Padamsee/ILCWS2015 Whistler

11/18/2015
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Impact of Increasing Gradient and Q on ILC cost

 |ILC requirements:
« G>35MV/m/ QO > 0.8el10

« Improving QO from 8e9
to 3el10 has big impact
on machine cost.

—-—
P
o

O
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-]

AL,
Q

o

« Optimal gradient moves to

40 50 60

Gradient ( MV/m)

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015 25
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Recent Breakthroughs in High Q (without FE)

1. Reverse the falling Q-slope!

N doping exceeds familiar Q values!

- But still demands deep physical understanding.
 What is missing in simple BCS calculation for Q?

2. Reduce residual losses by completely expelling dc magnetic flux
- |leads to even higher Q values.

R&D in fundamental understanding of both phenomena will reveal

- What are the ultimate limits to the best Q?

- Best parameters to optimize the preparation and cool-down protocol for
highest Qs?

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015 26



What is N doping?
Infuse the cavity surface at 800 C
with a small concentration of nitrogen (about 50 ppm)

E—

°C

P\
—
=
—
©
—
o
o,
=
o
F

]
o
o
Nitrogen partial pressure, torr

Time, hours

Injection of small nitrogen partial pressure at the end
of 800C degassing-> drastic increase in Q

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015
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High Q values obtained by N-Doping doping
repeatedly on 9-cell ILC Cavities for LCLS-||

2min/6émin doping recipe

Hasan Padamsee/ILCWS2015 Whistler

T = 2K, 1.3 GHz, 9-cells

8

10 12 14 16 18 20 22 24 26 28

E

acc (

MV/m)

(
Q/
B TBOA ,!L.!!B

TBOAES024 - FNAL

TBYAES026 -
TBOAES027 -
TBYAES028 -

<« TBY9ACCO015 -

TBOAESO033 -
TB9AESO035 -
TBOAES019 -
TBOAES021 -

FNAL
FNAL
FNAL
FNAL
JLab

JLab

FNAL
FNAL

11/18/2015
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High Q to 30 MV/m (650 MHz)

BYAS-AES-004, N-doping

m 2K, regular fast cooldown
e 2K, slow cooldown

10°
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

E_ (MV/m)

acc

Hasan Padamsee/ILCWS2015 Whistler

11/18/2015

29



High Q Opens

Cost Reduction Possibllities: 1.3 => 2.6 GHz

- 1.3 GHz was originally chosen to avoid
the global thermal instability ,(GTl) due

to BCS resistance (increases as f?)

- Material cost savings for cavity and CM

parts
- Optimistically 75%

« Smaller surface area
- Less defects/field emission

- Larger wakefields

« More HOM power

Hasan Padamsee/ILCWS2015 Whistler
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surface

If N-doping can reduce BCS resistance by
factor of 3

Global thermal instability due to BCS surface

resistance can be managed
11/18/2015 30



Cavity Material-Cost

~_Reduction

 Cost of bulk niobium is a A——
mayjor factor Cleanroom
- especially for low frequency %
(<650 MHz)
- the required Nb per cell FEIDTIBEI T A
scales as 1/f2. e e

63%

=> Cut Nb cost

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015 31



————

Cavity Fabrication Cost Reduction via
Seamless Technigues with Nb-Cu Composites

Eliminate expensive e-beam welding and trim machining
of parts

High quality surface preparation possible
- as with bulk Nb cauvities that show high performance

Rapid production rate

Hydroformed and Spun 1-cell cavities already proven
- Hydroformed 3-cells Nb proved to > 35 MV/m
- Spun single cell Nb proved to 40 MV/m

Hasan Padamsee/ILCWS2015 Whistler 11/18/2015 32
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