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Nano-scale defects almost  |f we want to discuss the
continuously distribute on  field limit, we should take

. existences of nano-
the sur_face . SRF cavity. defects into account and

evaluate the field at
which Bean-Livingston
barrier disappears.

Superconductor with
a nano-scale groove

SRF cavity suprmface after EP Nano-defect model

T. Kubo, LINAC14, 2014

C.Xu, H.Tian, C.Reece, and M.Kelley, Phys. Rev. ST Accel. Beams 14, 123501 (2011)
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T. Kubo, submitted to a journal
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Bean-Livingston barrier disappears when these two
forces are balanced

T

<r(g)r(3—70)asin mlal) ¢

T. Kubo, LINAC14, 2014
T. Kubo, submitted to a journal
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Can evaluate a
“suppression factor n” for
materials such as

* Dirty Nb

* bulk Nb;Sn

* multilayer NbN

O=n(a-1)/2

* etc.
w0 /N | ifyou have data of surface
e | | topographic studies
) o " 5/€ # » 30 T. Kubo, LINAC14, 2014

T. Kubo, submitted to a journal



Immediate application:
Field limit of “"Electropolsihed dirty Nb”
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C.Xu, H.Tian, C.Reece, and M.Kelley,
Phys. Rev. ST Accel. Beams 14, 123501 (2011)
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0.9 B.,=0.71B, B.~130mT

(London theory)
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It is interesting to compare the above result with VT results of N-doped cavities.
Each symbol corresponds to (B,,Qy)=(achieved B, Q, at achieved B,).
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0.9 B.,=0.71B, B.~130mT

(London theory)

London theory might underestimate

extrapolate

B,=0.84B, » By~150mT
(Quasi-classical theory)

Catelani and Sethna, Phys. Rev. B 78, 224509 (2008),
Lin, and Gurevich, Phys. Rev. B 85, 054513 (2012).
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It is interesting to compare the above result with VT results of N-doped cavities.

Each symbol corresponds to (B,,Qy)=(achieved B, Q, at achieved B,).

8 » c.
Due to the smallness of B, =} =3
) m vortices enter from n < 0.9 defect, if it o o
7 exist. o ~
< > |5 =3
6 *
z |z
S 5t * =1 z
S A
&5 4. ® ¥ g Record g g
3l = FNAL (2K) ® nt @ value ;— :’:f
o Cornell (2K) = @ ;E E’
2 -|x Jiab (1.8K) % &
| o
{ |7 Jiab(2K) o “
20 40 60 BOT 100 120 140 T 160 180
n=0.5 =0.9 =1
By (mT) 1 !

T. Kubo (2014)



TTCmeeting@KEK

| added an additional slide this morning.

Record value is updated: Charles’s slide (p.10)

RDT-13 180/20N/10 + 60 micron EP + 180/1N/60 + 10 micron EP RDT-13, 25-Sep-14

Power limited @ 35 MV/m
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Comment on “immediate application”

« To achieve a field > 150mT or n > 0.9, smoother surface is

necessary. Mechanical polishing technigue that enables mirror-
like finishes might be effective.

* 150mT corresponds to E_..=35MV/m for TESLA cavity or

E_..=40MV/m for LSF cavity. Mirror-like finished and doped LSF
cavity Is a solution for ILC 1TeV upgrade?
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Can evaluate a
“suppression factor n” for
materials such as

* Dirty Nb

* bulk Nb;Sn

* multilayer NbN

O=n(a-1)/2

* etc.
w0 /N | ifyou have data of surface
e | | topographic studies
) o " 5/€ # » 30 T. Kubo, LINAC14, 2014

T. Kubo, submitted to a journal
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Supplement
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When B>B_, Bean-Livingston
barrier disappears.
— Theoretical limit

When B>B_,, the stable
position of a vortex is inside
the SC, but Bean-Livingston
barrier prevent vortex
penetrations.

When B<B_,, thereis no

stable position inside the SC.

3
LN Vortex position

C. P. Bean and J. D. Livingston, Phys. Rev. Lett. 12, 14 (1964)
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(a) Force from the image vortex

The image vortex is

introduced to satisfy the Yy
boundary condition of zero superconductor
current normal to the surface.

: 2 % .
f[ =X (ﬁoz = _477‘10X,2€l >'¢
rtex
E
€
> X
(b) Force from the external field
When a magnetic field is yA
applied to a superconductor, ELEStacn
Meissner screening currents ’ .
are induced, which pushes the A Meissner current jM
vortex inside.
applied magnetic field
far = Ju X ¢oz
: B
® 5 X LN Vortex position
T. Kubo, “Review on physics of the superconducting accelerating cavity and C.P.Beanand J. D Livingston Phys Rev. Lett. 12. 14 (1964)

studies on electron-beam welding”
in proceedings of the 15th KEK Mechanical Engineering Workshop (2014), p. 14
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Bean-Livingston barrier disappears when these two
forces are balanced

T
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T. Kubo, LINAC14, 2014
T. Kubo, submitted to a journal




TTCmeeting@KEK

5 &
SO Y G
4 -
Fyo (6=209)
3 ___j»ﬂ’f;‘él.w___-

Fy(0,6+8)/Fyno, Fs(0,0+8)/Fgy

1 -
05_ ‘.—.—.—.—.—-—-_._-
'0 Fs(0,6+8)/F,
/9 Trc/6 4r/3 3n/2 Sn/3 117/6 2n

nw

T. Kubo, LINAC14, 2014
T. Kubo, submitted to a journal



TTCmeeting@KEK

Previous study on “vortex-defect interaction”
A. Buzdin and M. Daumens, Physica C 294, 257 (1998)

264 A Buzdin, M. Daumens / Physica C 204 (1098) 257-260

PHYSICA (

Physiea C 294 (1998) 257-26%

Electromagnetic pinning of vortices on different types of defects

A Buzdin *, M. Daumens
Université Bordeaux I, Centre de Physique Théorique et ion, Rus dit Solarium, F-33174 Gradignan Cedex, France
Raceived 4 July 1997; accepted 17 September 1997

Fiz. 4. (2) Magnetic field is along z-axis (which is perpendicular to the (u,v)-plane and parallel to the edge of the angle). The case a > 7 is
depicted. (b) The transformation of the half plane x > 0 into the area inside the angle @ in the w-plane: w=?/%.

Abstract

Wegm&mmorvmmmmmwgmuammmmm . 13 . . H . [1
g . o e b oin o i - i mimi e | [1€Y CONSIAEr “a groove with an infinite depth”.
films with regular arrays of defects like elliptic holes (antidots) or ts (anti ts). Tt turns out that the mteraction is

basically govemed by the largest dimension of the defect. We analyze how the collection of defects weakens the intervortex (m|S|ead|ng f|guresl)

interaction and makes it anisotropic. The solution of the problem of vortex interaction with a cylindrical hole in anisotropic

e et o e o et & 1998 Ploae S g, L fed of the wrex A. Dzyuba, A. Romanenko and L. D. Cooley, Supercond. Sci. Technol. 23,
PACS: 74 60Fe: 74.30Dm 125011 (2010) also treat a groove with an infinite depth.

Eeywords: Vortex; Pinning; Amsctropie superconductor

\_

We must consider “a groove with a depth smaller than the penetration depth”.
— T. Kubo, LINAC14, TUPPO71

This model can not be applied to “nano-de@
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T. Kubo, LINAC14, TUPPO71, https://oraweb.cern.ch/pls/linac2014/TOC.htm

VORTEX-PENETRATION FIELD AT A GROOVE WITH A DEPTH
SMALLER THAN THE PENETRATION DEPTH®

Takayukl Kubo,
KEK, High Energy Accelerator Resaarch Organization, Tsukuba, Ibaraki 305-0801, Japan

Absiract

Analydcal tormula o evaloae the voms-peneradon
i1l &1 A groowe Wit & deph smalker Man penetranon depn
15 derived, which can be applied w sarfaces of cavides or
st pleces made fromexmeme rype [ superconducions such
a5 nlrogen-doped Nb or aliernacive maerials ke NbySo or
Wbl

INTRODUCTION

Thevorex-penetradon ekd B, 15the beld atwhich 8 vor-
overcome the Bean-Livingswon barrier [1] and siam w
penerrae inm the superconductor (SC). B, of exireme rype
1 5C, where the penetratlon depih .4 15 much larger than
the coherence kength £, can be evaluzed in the framework
of the Longon theary. Maerials ihar anract much amentions
inthe Beld of 3C acceleraring caviry such as dirmy Nb like
nivrosen-goped Mb and alemnaive maerials ke NbgSn or
Mol are all caegorized inw this class. For an 5C with an
ideal fan surtace, B, 15 ghven by By = go/(4=48) = 0T H;,
where gy 15 the Aux guannem and B, s the thermodynamic
critical magnetc field. Acually, eperiments shows fields
can o reach such a3 kevel. More realisic assumprion, such
&5 surface irregularites, should be Incorporaed.

In this paper we consider a groove with a depih & smaller
than A a5 a simple example of a surface iregularity, which
assume irregularites on caviny STA0es of s pheces made
trom exweme ype 11 5C such as a nlrogen-dopad Nb or
alernatve mamerlals. B, arthds rype of irregularity has nog
been obained 50 far, in splee of e fac thar thene ane
smudies on B, ara surtace frrepularicy [2, 3, 4, 5]

MODEL

Lt us consider a groove shown in Fig. 1(2). Gray and
whie regions epesen the SC and the vacuum, respec-
wvely. Surtace, groowe and applied magnedc-fizld are per-
pendicular o the 1-y pane. The halt width of the groomve
and e slope angle are given by K and =(a — 1)/2, respec-
vely, and thus the depuh is given by & = Kwalxie—1)/2],
where | = o« < 2 The deph Is assumed 1w sadisty
£ 4w

FORCES ACTING ON A VORTEX AND
THE VORTEX-PENETRATION FIELD

Suppose a voreex is atthe posidon (x,v) = (0, § + £),
imside the bouom of groove. This vomex feels wo distnc

* The work &s supponed bw 15PS Grancin-A s for Young Scessas (B),

@
Magnetie field

-1 1 ']

Figure 13 {a) Groowve with a depeh thar |s smaller than the
penzrration depth of the maerial and (0) s map on the w-
plane.

forves: (1) Fu a force from a Melssner curment doe o an ex-
wernal fiebd and (#) Fy a force due v an image amivones thar
Is Ineroduced 1 satisfy the boundary conditon of merm cur-
rent normal w the surtace. The frmer and the lamer draw
the vorex 1o the inside and the ouside of te SC, respec-
dvely. The vorex-peneration Beld is 8 eld ar which these
competing lorces are balanced. !

Force Due to an External Field

An exrernal magnedc-neld pashes a vorex inoe the su-
perconductor by a force Fy = Ju = dof, where Jy is
& Melssner sceening-curent, gy = 2.07 x 10-YWh s
he fux guanum and ¥ 15 e i vector paraliel w me
z-axls. To evaluae Fy, we evaluse Jy as follows. Jw
sarlsties div ]y = (0 and one of the Maxwell equatons.
Ju = rouH, where the magnenc beld H plays the role of
the vecwor poemial of Jyy. For our rwo-dimensional prob-
tem, H can be wrinen & H = (0L0, —g(x, ¥)). and Ju is
eiven by Jw = rouH = (—dg /iy, o S, 0), On the other
hand, since A is assumed w be much larger than the yp-
ical scale of the model, the London equaton is reduced
wrJu = —aH = 0, which allows us w inroduce 3
scalar poendal of Jy. For our mo-dimensional problem
the scalar poemtial can be writen as $40x,¥), and Jw is
given by Jy = —grad ¢ = {—a@/ax, —da/dy, ). Since

1 Deerailed meviews ae giwen in Rl [6. 7]

both the wo Bpproaches showld kead e same Ja, we ind
g i _ i i 1
E——E- y——ﬁ—ﬁ1 (n
which are the Cauchy-Riemann condidons. Thus a fancdon
detined by

Sy = —

izl = Sy +igix, ¥, (i)

15 &N DOLMAONPREC MENCUon of A Comple: variabe ;= I+iy,

which i5 called the complex poendal. I da(z) is given,
components of Ja are derived from

g e dd i
s — iy =+ By Bx Ex

where the property of the bolomorphic functlon, 9y, (z) =
gt + g [ 15 used. Thus our nwo-dimensional prob-
lem is reduced w8 probem of Gnding @yl ).

The complex powenital @l 71 15 derived from a complex
potential dyy (w) on a complex w-plane shown in Fig. 1(b)
through a conformal mapping ¢ = F(w), by which orhog-
onal sns of field Hnes in the w-plane are wansformed inio
e in the p-plane. The map is given by the Schwars-
Christotiel wansformarion,

Ay iz}
=g - @

z=Fiwl= K fw_lrfw}ld'urhi’z_ {4
b

The function (W} is given by

Fiowd = w1 T, (5
and the consanes Ky and Kz are ghven by
i
K = Lﬂ'ﬂ-]] 6
TENT R ) pos T
K: = :s::nm'["z'”. m

which are deerminad by conditons that A" and 7 on the
w-plane are mappad imo A and C on the z-plane, respec-
uvely. The complex poenial on the w-plane is given by
Anlw) = Jow (Jo = KyJo). which mproduces the curent

disribution on the w-plane: —Tg,(w) = —Jo. Thus the
complex poendal on the z-plane |s given by
alz) = TaalF k) = F (DT, (8)

where F~! 15 an toverse funcrion of F.
Al thar is ket is o subsinme By, (8) o Eq. (3). The we
obain

Jo
Fowi” )
where dF-'/d; = dw/dz = (dz/dw)-! = (dF/dw)" 15
used. In odder wr evaloae Jup ar the vore posidon ; =
v = 104 + £), w corresponding o z, 15 necessary. While
no chosed form of w = F-1(z) exta, thar of an appros imate

Fue — iday = —

expression can be derived. Suppose w o= de (0 < € < 1)
Is mapped o z = z, on the z-plane by Eg. (4). Then we
obmin i+ £ = i + K" e, and find & reladon

_ (YT

which immediaely leads
e [
Flie)= e '{K. : i
Sunsumng Eq. (11) o B, (9). we fing

Tyalzy) = —[f—;}%fn, haplz) =0 (12)

Then the foree doe w the extamal fBizld can be evaloaed as

Fu = Jw = ol
- ( VT

I e cos

=
— dodod, (13)
izﬂg} !

where § 15 the uni vecwor parallel o the p-axis.

Force Due to the Image Antivertex

A current associaied with @ vOfia near the surface sat-
Isties the boundary conditon of zerm carmem normal o the
surtace. This boundary condition can be sadsified by me-
mewing he surface and introducing appropriate imagse an-
thvoriex (amivodces). Then the curment can be o pressad Bs
Ja = Iv + 1. where by and J epesent curents oue 1o
the vorex and image amivones (anuvomices ), Espectvely.
The force due 1o the image andvomes (andvonices) F; is
glven by Fy = Jp = gz, Thus our nexn sk is w evaloane Jy
at the vorex posilon z = z. = ié+ £

A scalar ind 8 vecoor poendals of Jy ;. 8nd the complex
poEnmal dny, can be inroduced in much the same way as
the above. Then components of Jy,; are given by

Feage = iy = “::I[t]

where dy, iz} can be derived from the complex potendal
drea(w) on the w-plane. Since the vorex and the Image
angvorex on the w-plane ae locaed aw = +ie and —ic,
respectively, Py g{w) Is ghen by

(14}

Dyl = ,[H:rg[w—le} Ioglw +ic)], (15)

and thus the complex poeniial on the z-plane is given by

Dyl 20 = Ty (F ) (18

F 5 the Schwarr-Chrispofiel wansformadon given by
Eqg. {4). Snlm.mungliq (16) im0 Eg. {Id).murn

-w
s iy =g ﬂw}h } 17

W I£ wHie




A the vorex posion z = g, of w = ie, the Brst erm of
he square bracker diverges, which |5 conrriburion from the
ourrent due m the voris: and shouakd be abandoned Bor the
computadon of Ji. Then Ji & the vorex posidon Is give by

) I g 1y
he=ily Klffié}izm,tl[ﬁj_hmﬂgu’ (18)
0,

Rz = =2 hylz) =0, (19)

4::”,11.54:'
where a relaton € §lic) = € = aff Ky 15 wsed. Then the
force due 1 the image and-voroes Is given by

]"J=Juxi|ﬁ=—m“!- {200

Mone thar Eg. (20) 15 reguced w the force from e fa sur-
face when ¢ = |, and Is maximized when the grome is a
orack with ¢ = 2. Eq. (20) 15 identical with thar given in
Ret. [3].

Vorrex-penetration field

The vorex-penewration Beld B, can be evaluaed by bal-
ancing the two compeing fores glven by Eg. 13) and (20):
2

Vr R
A Tl —20
(p{%}p{i:jz}umﬂ“zﬂg} #aly Arpg ATl 2n
The surface current Jo & given by by = —pg 'dB fdt |0 =

By where By is the surtace magnetic-nekd and A 15 a
quantty with the dimension of lengeh. For exampiles,

A (semi—InAnke 5C),

S Tt e L g 27}
T f T am i (MUIARE SO
where ds, dr, and A" ae an 5C layer thickness, insulamor
layer thickness and penewraton depeh of SC subsrae mae-
rial. respecrively.” The Anally we obtaln
AL ITEIrTEE e oo 2ol o 2t
B,:"h L -k —:—E] L (23
drdf A VT R

Mo thar Eq. (23) 15 educed w Bv of ssmi-infinke 3C or
muldlayer SC with ideal Aar-serface when e = 1.

SUMMARY

Anatytical formula w0 evaluae he vonex-penedEdon
feld A1 & groove With & depih smaller than penetraton depen
wis derived. The formula would be useful w analyze rela-
ton beween surfaces and performance-test fesuls of cav-
fves or s pleces made from exweme rype [ 8C such as
a dirry Nb like nivosen-goped Mb or aliernacve manerials
like NisSn or NN,
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Formulae for semi-infinite SC and multilayer SC.
See also the reference T. Kubo, Y. Iwashita, T. Saeki, Appl. Phys. Lett. 104, 032603 (2014) for the
multilayer SC.

? See Bei. |8, 9] Demlled reviews ax gven in Rel. |5, 7, 10].



