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 Nitrogen infusion and surface removal studies
» Thermal modeling of SRF cavities
» Assessment of anti-Q-slope models

f 7/2/2019 James Maniscalco 2 ‘@




Cornell Laboratory for Accelerator-based N I f "
Sciences and Education (CLASSE) = I n u S I O n

Nitrogen infusion and
surface removal studies

Determining the role of
nitrogen and other impurities
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Impurity content: RF performance:
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Strikingly similar RF behavior despite differences in impurities!
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SR N-infusion
Treatment:
. Reset VEP Titanium contamipgtion
» 800 °C UHV degas (3 hrs) O?i?rzvﬁg;% ;’:‘Vg':s
* 160 °C UHV stabilization step (3 hrs) g

160 °C infusion step (1-7 days)

» Optional post chemistry
1072
Cavity | 160 °C N, time + post trtmnt.
SC-06 4.5 days £ 10°] e T
SC-06 ... + HF rinse £ Treated with 3M pad scrubbing
=10 . .
SC-06 ... + 2"d HF rinse £ of flanges and HF rinsing
RDTTD-4 48 hours § 10° : _ :
Witness sample in beam tube
RDTTD-4 ... + 2x HF rinse ;
10 ¥
RDTTD-4 ..+ 100 nm cold VEP AP AR s
LTE1-1 24 hours 10-70 56 1(IJO 1;0 2(I)0 2;0 3(1)0 3&]30 460 4\;)0 500
LTE1-1 ... + 54 nm oxypolish Dot (nm)
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Ti-contaminated cavities have no anti-Q-slope
HF rinsing (<5 nm removal) restores anti-Q-slope
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N-infusion

Concentration (at. %)

Ti-contaminated cavities have no anti-Q-slope
HF rinsing (<5 nm removal) restores anti-Q-slope
Deeper removal (>50 nm) removes anti-Q-slope
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Lessons learned:

* Infusion time has little effect on anti-Q-slope magnitude
* Physics very near the surface is important for the anti-Q-slope!

 AQS in infused cavities is sensitive to surface contamination...
May be cured by HF rinsing

« High impurity concentration near surface
likely linked to anti-Q-slope —is N the most important?
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Energy (eV)

N-infusion

N suppression of hydrides — see N. Sitaraman TUP045

Niobium hydrides

L K, | 4

Depth (lattice constants)

Free energy of interstitial
nitrogen impurities
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0 preferentially form
. \,_// on or near surface

5

Nitrogen occupies
available interstitial sites
and prevents
hydride formation
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* Anti-Q-slope even in 800 °C baseline test!
« Lowest Rgqs, best AQS in 2/6 N-doped test — Q,(2 K, 20 MV/m) = 1.5x101°

* N-infused cavities: strong anti-Q-slope but high Ry omparane e

1 x107 : : : . .

o6 |1 «~ Ti contamination [ —so0Coaseine R, | | Com|ng Sso0n.:

' did not kill AQS! |- — 800 Chbaseiine R, HF rinse )
°°[ % ButhighRgcs, | o 20%%w; || +75°C bake more treatments
o7t " Low quench field| 2% { improved both ’
/ L M. Ge TUP051 more frequencies

= 05 —5— 160 C + HF + 75 C B
Q — — —160C+HF+ 754 R,
o

0.4F Cavity | Treatment protocol
STE1-1 800 °C baseline
- STE1-1 2/6 N doping
STE1-1 160 °C N infusion (48 hours)
’ o 012 STE1-1 ... * HF rinse + 75 °C UHV (6 hours)
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() b Thermal modeling

Q> £

Thermal modeling of SRF cavities
with quasiparticle overheating

Theoretical calculations with
real cavity parameters
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Rl Thermal modeling
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S e Thermal modeling

Infused cavities — depth-dependent material parameters

1) Calculate local
quasiparticle conductivity
from material parameters,
E ansatz T,

Can use any local Rg model

2) Integrate quasiparticle
conductivity to get Ry(T,,)

length (m)

—©S— mean free path

—— —pemelRtgh gepi 3) Calculate self-consistent T, given
107 o s T L overheating simulation
10 e 0 10 10 (he, K., e-ph efficiency Y)
. z into surface (m) ——— 2
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Thermal modeling

Example results of thermal simulations:
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Gurevich theory
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Example results of thermal simulations:

10"
BCS/Mattis-Bardeen ] _ _
Emergent properties from simulation:
o = * Thermal Q-slope / mediation of anti-Q-slope
g 10"¢ \\l :
| o000 T———— - Thermal runaway quench
: 1/¥ =0.000065 Stronge_r | (not just when T4, reaches T;!)
——1rv=0.000145| | overheating
| |—1/Y =0.000256
-1/Y =0.000400
10° ' ' ' ' ' '
0 5 10 15 20 25 30 35
E,.. (MV/m)
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S Thermal modeling

Next plans: ab initio picture of quasiparticle overheating
using density functional theory

80

Mean free path @ 1 % at.

+ Oxygen

Impurlty + Nitrogen
DFT experiment o[ - carbon ||
H 782 nm ~100 nm _
£ 60
C 38 nm ~10 nm <
N 34 nm ~10 nm g%
(0] 28 nm ~10 nm £ |
Promising early results! L

20

Next investigate inelastic scattering for
contribution to quasiparticle overheating

See N. Sitaraman TUP045
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() Somtiabemon o st baed Assessing R, models

Assessing models of the
field-dependent surface resistance

Finding the source of
the anti-Q-slope

€' 7/2/2019 James Maniscalco 18 w




D S el Assessing R, models

Several models proposed for field-dependent surface resistance,
esp. anti-Q-slope:

1. Weingarten model W. Weingarten,
« Small pockets of poor SC with proximity effect | IEEE Trans. App. Sup. 28 (2018).

2. Goldie/Withington model D. J. Goldie & S. Withington,
* Non-thermal gp distribution function Sup. Sci. Tech. 26 (2013).
3. Gurevich model A. Gurevich.
« Smearing gp density of states to lower o, Phys. Rev. Lett. 113 (2014).

my,  Center for
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1.

Rscs/R:cs

Doped niobium forms disordered
composite of weak superconductor
dispersed in good niobium

As field increases, weak SC pockets
go NC... But are small and become
proximity-coupled SC

Quasiparticle conductivity is
decreased in a w-dependent manner

7/2/2019

Assessing R, models

Agreement with expt.
(Martinello et al. 2018)

® 650 MHz (B9ASPAV004)

o 1.3 GHz (TE1AES017)

A 2.6 GHz (TTS1AES001)
3.9 GHz (T31F004)

6 8 10 12 14 16
E,.. (MV/m)

W. Weingarten,
IEEE Trans.
App. Sup. 28 (2018).
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RR,
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~——RRR=8 —

47 RRR = 16 /
——RRR=32
— RRR=64

3_ /

0 20 40 60 80 100
B (mT)

However...

Model predicts the wrong
dependence on mean free path!
Possible physics issues
*  Two-fluid model
* Proximity effect argument
not rigorous
* Many finely-tuned parameters

Center for
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Skt ore Assessing R, models

P. J. de Visser, et al. PRL 112 (2014).

2. Goldie/Withington model

(b) 10 Mode] (c)
) 3 —— 100 dBm Sy =
S [ - - --80dBm 52895 L
Rpcs o / N(e)N(e +hw)|f(e) — f(€ + hw)| de. 810l - -72dBm =
A < 1 g
Increased distribution function at high E § . g 5289 =
- 10 Sm | Thermal I'E
« Non-thermal distribution function of 5 = _vg_‘m.&"‘ |5.2685 §
quasiparticles has higher value at = 10° S 8
higher €, reducing Rgqg integral N2> 03 01 02 53 ) 5288
» Experimental results seem to confirm I‘Tempefat“e ) Temperature (K)
the model N
05 - -60 dBm = 30 mW/m? Very low T
: o4 * Physics may not apply to typical SRF conditions:
D. J. Goldie & | _ ,
S. Withington g 03 * Model relies on quantum effects where
' . ’ iy hw ~ kgT, near 60 mK for 1.3 GHz cavities;
Sup. Sci. Tech. | = o2f
also needs Aw > A
26 (2013). I : ,
0.1 » Also relies on very low power levels / fields
* Model makes no connection to doping, impurity
1o content, kg, etc. )
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Assessing R, models

Cornell Laboratory for Accelerator-based
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3. Gurevich model (strong RF case)

Recs o fA NEONE + ro)if () - fle + hoN de.

Large decrease in DOS due to surface currents

5 . :
45| Natural s~ BCS |
4 [broadening ; atJ=0 |
a5l atd= 0\ |
al : |
z :
= 25 i
z ! o .
27 R 0 0.01 0.02 003 004 005 006 0.07 0.08 0.09
15} B (1)
1 /A ! « Good agreement with experiment
05| / Current-induced at 1.3 GHz for doped cavities
N ) ~ broadening
0.5 0.75 1 1.25 15 + Good agreement as well with
. elA 1.3 GHz infused cavities
A. Gurevich, Phys. Rev. Lett. 113 (2014). ot .
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However: Poor agreement at higher and lower frequency
Theory predicts wrong frequency dependence

25 %107 . . i . :
i Theoretical [~ /
N < | v g |- 2600 MHz, a'=0
Y prediction pssices e o
o X A5 | - 1300 MH;, a'=.0,4meZIW /'/ . 1
sl L Doped 500 MHz 5 zomz =0amerw | JACrea@sing
S ) '_. """"" z, o'=0.4 m| m2w ,."/
= 90 ° expt. has no ;- —————=_"frequency
o .
T anti-Q-slope &
ICD
05F 50 . . ’ ; ; ; . ; . 13
45 q 1.2 4
% 001 0.02 0.03 01 g ] 111 | . ) : : : ;
Bge (M = . | 10 ncreaS|ng 2 0.04 Bo.og_) 0.08 0.1 0.12
s : ¥ ool ‘é‘ﬂﬁ:., frequency "
..... n:'_

Doped 2.6 GHz expt. has i : 08+ e, \ M. Martinello et al.,

steeper decrease than : z: PRL 121 (2018).
theory Can predICt I \‘ 05 ;ES?gM:H tLaWerr:gg:ﬂt:ffG:TI;s;) *oe <><><><><>
5 e S 7 a1t 3.96:42 ‘ ‘ . .
0 L L L L L 1 L 20 30 40 50 60 70 80
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 B (mT)
ST Bpk M > w Center for
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Skt ore Assessing R, models

Further issues: possible physics error in distribution function

1011 [ T T T T T T ‘l

[ Ry = 10n{2
| Tpan = 2.0 K

* Theory assumes gp distribution
function f(¢) at arbitrary time t is equal
to the zero-field distribution — the
assumption is not properly justified

Calculated with new thermal model

original model

« Correcting this assumption and
replacing the distribution function witha & 10"t
stationary field-averaged distribution '
negates the anti-Q-slope prediction!

= S

| [—%—1/v =0.000001 OStronger e |

—%— 1/Y =0.000017 overheating

| 1/Y =0.000065 1
This correction does not affect the | |—%— 1Y =0.000145
13 ” . . —¥—1/Y =0.000256
weak RF” DC magnetic field case ——%— 1/Y =0.000400

109 1 1 1 1 1 1
0 5 10 15 20 25 30 35
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D Sl et e Assessing R, models

Several models proposed for field-dependent surface resistance,

esp. anti-Q-slope:

Weingarten model
« Small pockets of poor SC with proximity effect

I Goldie/Withington model
* Non-thermal gp distribution function

x Gurevich model
« Smearing gp density of states to lower o,
« Currently under refinement/improvement

71212019 James Maniscalco

anti-Q-slope models!

Time to inspire our
theorist partners...

No satisfying

Forthcoming CBB work
using Floquet basis
(for periodically driven
quantum systems)

Stay tuned!

25
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D) Somell Laboratoryfor Aceeleratorbased Conclusions
Thank you for your attention!

Nitrogen infusion studies:
Physics within first ~20 nm quite important for the anti-Q-slope

Thermal modeling of SRF cavities:
Robust simulation of R with quasiparticle overheating

Assessment of anti-Q-slope models:
No satisfying theories currently! Stay tuned for work from CBB

N. Sitaraman TUP045
see also: <
M. Ge TUP051

This work supported by the Center For Bright Beams, an NSF STC.
High frequency cavity development supported under NSF award PHY-1734189.
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