Analysis of Thermal Grooving Effects on Vortex
Penetration in Vapor-Diffused Nb,;Sn

Based on our recent work:
https://arxiv.org/abs/2409.01569

Eric M. Lechner

Jefferdon Lab ERgRGY o €A

T" eeeeee


https://arxiv.org/abs/2409.01569

Performance of vapor-diffused Nb;Sn grown on Nb

R&D 1.3/1.5 GHz single-cell cavity performance Muilti-cell cavity performance
1E11 4+ + ; 1 ""\"\'!_"‘_"" - £ 3 T T T T
| L St @4iq | | . sosriosba Kk |
e Fermilab@ 4 K e 5C75-RI-NbSn02 JLab @ 4 K| [
] “' ool m  5C75-RI-NbSn01 FNAL @ 4 K||
<4 . ' J
QMQo“QO.QQ".“’
0 oo » SRS e, , 't::."Qo ob
[=) T e ] L L
g 1E10 ] * . . —%q\ : e 1E10: 00000 000 000 Ooo...'.==..“°,o.. *0 00
I ) n
., - : Ai{-:--
I » o
. . L] Al 28
j ' %
1E9 1E9 o s e e S N N 0 0 I
7 8 9 10 11 12 13 14 15 16

0 2 4 6 8§ 10 12 14 16 18 20 22 24

Eec(MV/m) Eace (MV/m)
* 1.3/1.5GHz single-cell cavities can attain an accelerating « 1.5GHz five-cell and 1.3GHz 9-cell cavities were
gradient over 20MV/m with Q~1077. demonstrated to reach Q~102° at 10MV/m at 4.4K.
» Cavities of various frequencies (650MHz, 952MHz, 2.6 GHz, - Maximum gradients achieved up to ~ 20MV/m.
3.6 GHz) coated at different facilities show comparable

performance.
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Introduction — Topographic Defects

Nb,Sn is topographically imperfect [3]
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[4] ; * Topographic defects produce local field

;l—*. 4 enhancements due to the nature of the
Meissner current. It has been proposed that

[1] Fy this may turn regions of the cavity normal
, . Vorex core ﬁ : conducting and lead to thermal instabilities.
.85 Y  Topographic defects may also reduce the local
:;3 — i L -Iiiiiiiiifé superheating fields. This reduces the field
/ | Sepemnc o [] &858 2 required to nucleate dissipative vortex
K LI B A R @ semiloops and trigger thermal instabilities.
Fic. 3. Normalized profile shape due to surface diffusior Step 210,000 Fg

[3] Xie , et al. Quench Simulation Using a Ring-Type Defect Model SRF’'11, 2011
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Topography Nb;Sn — Evolution with Coating Duration

|Investigation
e Study samples coated from 1 to 78 hours (6 samples)

e 10x areas randomly sampled via AFM from each sample
Coating Duration — 1 hr Coating Duration — 6 hr Coating Duration — 18 hr
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Increased coating duration results in:

* Thickening of the coating
0 e Grain growth
* Roughening of the surface
e Grooves are on the order of 100
nm deep (comparable to the
-500 penetration depth)
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Slope angle calculation
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(1 + h2 + hi)

70

60 cos@=Z-n=12-

150

2 40 .8 * Accessto hy, h, is given by the

g’ % g extension of the Savitzky-Golay

= Y3 filter for surfaces [1]
2 20 * High slope angles exist regardless of
10 10 coating duration

4 Jygff/egon Lab

[1] Lechner, Eric M., et al. Physical Review Accelerators and Beams 26.10 (2023): 103101.



Superheating Field Suppression
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Limitations:

Calculation is performed in the

London theory

1. Neglects the BCS current-
field relation

0 "B

Force on vortex from magnetic field

Fyv = Ju X ¢z

, 1
Im =V xB/pug

€(r) = |[I(r)[/Jo

5/tan(8) X

Force from the surface: Jy.;-n =0

FS — JI X (,)()i
27T g N2 ~ . .
M(()) Qr(z,y) = @1(z,y) = Re (—iln(w — wy)) [wep—1(2y)

J;r = =V,

vy = (6 +£)¥- London theory vortex nucleation position
Fs + Fy = 0 - Condition for vortex nucleation

Geometrically suppressed By
e~ XK= Vel
’ c(ry)

Superheating field suppression (SFS) factor
26| = V&(ry)
c(ry)
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MFE & SFS

Magnetic Field Enhancement Factor Superheating Field Suppression Factor

"B vy

BA

[1] Perfect Electrical Conductor Model London Model
B(r) = |B(r)|/Bo compute 8(r) and §(r)
) sz»b =0 A ’F](f;)\;(s, 9) _ 26' o V(I)f(rv)l.
V-2 = By, V- = 0and V-7 = 0 c(ry)
V(T Y, Zmaz = 6 pm) = —Bgx B(r) = Byz & = 3 nm and A — 120 nm
used to represent Nb,;Sn
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Results

Increased coating duration results in:
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«  No obvious trend with slope angles * No obvious trend with magnetic field + Increase in groove depth is
enhancement factors. learlv ob 4
[1] Thermal grooves are often considered to ¢ Peak MFE factors between 1.5 and 2 clearly observe
. . I. 1 !
retain the grotove;ngle during annealing [1] (1] d=0.973m(Bu)}
anB=m 0183
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" 4‘ / Dihbdralangle T Fi1c. 3. Normalized profile shape due to surface diffusion,
3 - x
(x,0)=m(B)Z| — | - self-similarit
Lﬁ N R R T ylwt)=m(Bi) [(Bt)*]’ y
Time s=4.6(B}

[1] Mullins, W.W., 1957. Journal of Applied Physics, 28(3), pp.333-339. .
[2] Zhang, W., P. Sachenko, and J. H. Schneibel. Journal of materials research 17.6 (2002): 1495-1501. d=0.973m(3t)‘
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Results
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Bifurcation in the deviation between
background plane and the topography

This bifurcation is more clearly reflected
in the SFS factor. During short annealing
times

This bifurcation is more clearly reflected
in the SFS factor. During short annealing
times the distribution presented a
merged bimodal distribution which
bifurcates as coating time proceeds.
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Results
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Discussion

378 > ~78 107! > Considering only the effects of superheating field
=60 = 560 S suppression on the superheating field (~400 mT)
= s 2 H = peak magnetic fields of 107-128 mT may be
g 18 g E 18 10° ©
= = e expected.
) o0
g 6 E g 0 1073 g * Peak magnetic field enhancement values fall
S 3 S 33 = around ~1.7.
© 1 = D 4 = There are many locations where MFE and SFS
0. 10 overlap. This may reduce further reduce the field
n of vortex penetration by By, = (%) B,ax- The
A N ) 177" combined effect can reduce peak magnetic field
-9‘ ' g ‘\t),h e L6 109 to ~51-77mT (12-18MV/m in TESLA-shaped
| la]$ 172 18 ,7 \ L4 108 cavities).
/ \‘ ,', ' ) | o . . e . . .
‘@ VI / @, I 0.7 While this is in qualitative agreement with the

Ui

field limitation in Nb;Sn, there are many loss
mechanisms which should be considered before
topography.
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Discussion — Other Performance Limiting Mechanisms

(3] Off-stoichiometry
20
[1] Sn droplets g R
E 15 ~
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many examples of this exist. pield ofview | BbLa
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Discussion — How Can The Suppression Factor Be Improved?
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Conclusions & Future Work

Conclusions

» Developed a simple model to calculate the superheating field suppression factor in the
London theory.

« We have shown that superheating field suppression may be a large contributor to peak
field degradation in dense, stoichiometric Nb;Sn. The effect of which is compounded by

local magnetic field enhancement.

* We hope that this work inspires more physically justified theories to make estimates of
the geometrically suppressed superheating field in the deeper type-II limit where Nb;Sn
resides.

Future work

« Compare the topography from witness samples and performance of Nb,;Sn coated
cavities.
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