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Outline

 Residual resistance

« Multipacting

 Field emission

* Quench

« High-field Q-slope
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The Real World
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Losses In SRF Cavities

* Different loss mechanism are associated with
different regions of the cavity surface
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Characteristics of Residual Surface Resistance

* No strong temperature dependence

* No clear frequency dependence

* Not uniformly distributed (can be localized)

* Not reproducible

« Can be as low as 1 nQ

» Usually between 5 and 30 nQ)

« Often reduced by UHV heat treatment above 800C
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Origin of Residual Surface Resistance

 Dielectric surface contaminants (gases, chemical
residues, dust, adsorbates)

« Normal conducting defects, inclusions

« Surface imperfections (cracks, scratches,
delaminations)

« Trapped magnetic flux

« Hydride precipitation

« Localized electron states in the oxide (photon
absorption)

R IS typically 5-10 nQ at 1-1.5 GHz
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Trapped Magnetic Field

A parallel magnetic filed is expelled from a
superconductor.

What about a perpendicular magnetic field?

fluxoid field-free _-super
region vortex
current

The magnetic field will be concentrated in normal cores where it is
equal to the critical field.
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Trapped Magnetic Field
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rapped Magnetic Field

Normal Core  Magnetic Field Lines  \Vortices are normal to the surface
' * 100% flux trapping

* RF dissipation is due to the normal
conducting core, of resistance R,

R

res

112

R H H. = residual DC
H., magnetic field
Superconductor

Supercurrents

- For Nb: R an/mG around 1 GHz

Depends on material treatment
» While a cavity goes through the superconducting transition, the ambient
magnetic filed cannot be more than a few mG.
* The earth’s magnetic shield must be effectively shielded.
» Thermoelectric currents can cause trapped magnetic field, especially in
cavities made of composite materials.
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Trapped Magnetic Field

Afraction H/H_, of the material will be in the normal state.
This will lead to an effective surface resistance  p, ( H/ HC)

ForNb:  p, =0.5t01nQ/mG around 1 GHz

While a cavity goes through the superconducting transition, the ambient
magnetic filed cannot be more than a few mG.

The earth’s magnetic shield must be effectively shielded.

In cavities made of composite materials, thermoelectric currents can cause
trapped magnetic field.
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Trapped Magnetic Field
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R .. Due to Hydrides (Q-Disease)

« Cauvities that remain at 70-150 K for several hours (or slow cool-down, < 1
K/min) experience a sharp increase of residual resistance

* More severe in cavities which have been heavily chemically etched

after thermal cycles
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Hydrogen: “Q-disease”

Weight Percent Hydrogen

* H is readily absorbed into Nb

S heee = 7 1 where the oxide layer is
Range of ool pE % N @ 3 . .
possible : e, removed (during chemical
s "1 % : | etching or mechanical
ol ' BN M grinding)
o a8 s T
2. / " * H has high diffusion rate in
= ,,.f e ] Nb, even at low
" T e temperatures.
L 9
N = I B « H precipitates to form a
- N _ hydride phase with poor
Yo % " Atomic Percent Hyarogen . superconducting properties:
. l)) Islands
« At room temperature the required a) Fi

concentration to form a hydride is

103-10% wppm
* At 150K it is < 10 wppm
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Cures for Q-disease

« Fast cool-down
« Maintain acid temperature below ~ 20 °C during BCP

* "Purge” H, with N, “blanket” and cover cathode with
Teflon cloth during EP

« “Degas” Nb in vacuum furnace at T > 600 °C
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Q, Record
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Figure 2 — Residual resistance as low as 0.5 nQ 1s
actually measured on large area cavities, giving an
intrinsic quality factor Q, exceeding 2.10"".
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Multipacting

A
10" A
—~ 10° ! Y T
% 108 Soft barriers
o Hard barrier
S
8 MV/m
Peak electric field
U
- No increase of P, for increased P; during MP |

« Can induce quenches and trigger field emission
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Multipacting

Multipacting is characterized by an exponential growth in the number of
electrons in a cavity

Common problems of RF structures (Power couplers, NC cavities...)

Multipacting requires 2 conditions:
« Electron motion is periodic (resonance condition)

* Impact energy is such that secondary emission coefficient is >1

W

Or
Jefferdon Lab page 17 OMINION

UNIVERSITY



One-Point Multipacting

One-point MP 1st Order 2nd Order 3rd Order

. " Axis
Cyclotron frequency: w. x Holle Llﬁf_‘ LL}]_IJ L\dﬁf—‘
m
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Resonance condition:

Cavity frequency (@,) = n x cyclotron Wg = NWe n: MP
frequency order
- Possible MP barriers given by H,, nge + SEY, §(K), > 1=MP
0
e’E’
The impact energy scales as K o L
ma;
Empirical formula: 0.3
pirical formula: H_ [Oe] =—=f, [I\/IHZ]
n
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Two-Point Multipacting

MultiPac 2.1 Electron Trajectory, N =20, 24-Apr-2002
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Two-Side Multipacting

MultiPac 2.1 Electron Trajectory, N=10, 24-Apr-2002
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Multipacting Simulatiom

TRAJECTORIES #
EMAX= —14.260 MV/M BMAX= 224.389 GAUSS
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Secondary Emission in Niobium

Secondary Emission Coefficient
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Secondary Emission in Niobium

INFLUENCE OF VARIOUS VACUUM SURFACE TREATMENTS ON THE SECONDARY
ELECTRON YIELD OF NIOBIUM

Roger CALDER, Georges DOMINICHINI and Noe¢l HILLERET
LEP-VA, CERN, 1211 Geneva 23, Switzerland
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MP In SRF Cavities
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“Near pill-box” shape

Early SRF cavity
geometries (1960s-"70s)
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MP In SRF Cavities

10.0

Equator

“Elliptical” cavity shape (1980s)
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Electrons drift to equator
Electric field at equatoris = 0

—->MP electrons don’t gain energy
->MP stops

350-MHz LEP-II cavity (CERN)
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Cures for Multipacting

SLANS + SMULTIP, wAr=m
bnds 20eV to 3 keV: K;=2eV, 0;=0

« Cavity design S :

APT 048 —=— SNS0.81
APT0.64 —=—HG
APT0.82 ——LL
- RIA 0.47 CEBAF
SNS 0.61
=
%
s
™
oo
=
&
= S W VIRV B S I}. S % TR W M i ATAriN EVRTETATE | FEVENPIN ETA. B AR R
0 10

3
EP [MV/m]

 Lower SEY: clean vacuum systems (low partial pressure
of hydrocarbons, hydrogen and water), Ar discharge

 RF Processing: lower SEY by e- bombardment (minutes
to several hours)
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Recent Examples of Multipacting

SNS HB54 Qo versus Eacc
Multipacting limited at 16MV/m s/16/08 cg 2008
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Field Emission

» Characterized by an exponential drop of the Q,

» Associated with production of x-rays and emission of dark current

SNS HTB 54 Radiation at top plate versus Eacc s/16/08 cg
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DC Field Emission from Ideal Surface

Fowler-Nordheim model
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Field Emission in RF Cavities

Egic = 17MV/m

e
HHTTTT TN
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F GR0Ha 5F P 151 Rt v

View fAngle = 90

Impacting electrons produce:

Foreign particulate

Acceleration of * line heating detected by tound at emission
electrons drains cavity thermometry site
energy * bremsstrahlung X rays

_ 154x10°(BE)™ exp( © 6.83x10°0Y*)

FE in cavities occurs at fields that = @ BE
are up to 1000_“”‘95 lower than 4. Enhancement factor (10s to 100s)
predicted... k: Effective emitting surface
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How to Investigate Field Emission
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Dissection and SEM
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Example of Field Emitters

Stainless steel

20 um =——

Melted
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DC Field Emission Microscope
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Type of Emitters

*Tip-on-tip model
explains why only 10%
of particles are emitters
for Epk <200 MV/m.

Smooth nickel particles emit
less or emit at higher fields.

wir
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Tip-on-tip Model

« Smooth particles show little field emission

« Simple protrusions are not sufficient to explain the measured
enhancement factors

 Possible explanation: tip-on-tip (compounded enhancement)

Particle

W
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FE onset vs. Particulate Size
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Enhancement by Absorbates

Adsorbed atoms on the surface can enhance the tunneling of electrons
from the metal and increase field emission

Epk=26.8 1288. @mt,
x =0 Epr=22.8 12B8, Amx

.- I {a)
With E tc)

Work
Function

Fix) = eEx

Epk=16.B 1288, Bmk /
lectron Epk=18.8 N 1288.8mt

{b)
() \

Bvafunction of tunna

Local State
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Intrinsic FE of Nb

28 Single-crystal Nb samples showed FE
' . onset higher than 1 GV/m.
=30 ‘
9 '. °
‘ .
-32 4 Co o
"f The work function was obtained from the
g M- % -V curves:
: X,
%+ o ® = 4.05 + 17% eV for Nb (111)
y N ® =3.76 + 27% eV for Nb (100)
®e
:)(.)00055 ) 004;060 ) 006065 ‘ 00(;070 ) 0.0(]'075 ) 0,0(2;080
(b) 1/E
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Cures for Field Emission

* Prevention:
— Semiconductor grade acids and solvents
— High-Pressure Rinsing with ultra-pure water
— Clean-room assembly

— Simplified procedures and components for
assembly

— Clean vacuum systems (evacuation and venting
without re-contamination)

* Post-processing:
— Helium processing
— High Peak Power (HPP) processing

W
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Helium Processing

- Helium gas is introduced in the cavity at a pressure just
below breakdown (~10- torr)

« Cavity Is operating at the highest field possible (in heavy
fleld emission regime)

« Duty cycle is adjusted to remain thermally stable
* Field emitted electrons ionized helium gas
« Helium ions stream back to emitting site

— Cleans surface contamination

— Sputters sharp protrusions

W
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Helium Processing
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Helium Processing
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Helium Processing in CEBAF

Improvement of Cavity Performance
with Helium Processing

Distribution of Maximum Gradients by Type of Limitation
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Helium Processing in CEBAF
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Figure 1. Radiation reduction with He processing.
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Practical Limitations (CEBAF)

Other__

Quench

I watt FE loading

Waveguide vacuum

Arc rate limited

— ] Rad/hr from Field Emission
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High Peak Power Processing
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High Peak Power Processing

5-cell 1.3 GHz cavities
High Pulse Power Processing
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High Peak Power Processing

P [1]| e —— .

E ! . . o ©

> A Single-Cell Cavities

E 20 Lk © Two-cell Cavities o © _

a e 9-cell Cavities ] °

2 60 F 5 : .

= VY | For field emission free

3 q& A 1

= 40 | .. o2 ]

= A de ﬂ ]

S > I E, (pulsed) = 2xE_ (cw)

g % o P P

= 20 F o ® =

E s :

g .

E 0 o | s v 5 b 5 4 o+ 5 1 4 5 5 5 | 4 4 5 5 1 4 4 3 4

0 20 40 60 80 100 120
Maximum Peak Electric Field During HPP (MV/m)
. O
Jefferdon Lab page 49 OMINION

UNIVERSITY



High Peak Power Processing
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Issues with HPP

].I:—_:lll:lI'II'|"IITI|IIII'|'I'I'II'|'IIII:
¥ fimst test 3 )
| _ & after HPP I * Reduced Q, after processing
{_}” | ¢¥ 7Y VEVPy ®  after wanm up to 300 K ] e N . . h HPP b
T aeessnsa iy e b o 4 0 experience wit above
;M“ masranth s o o W E..c = 30 MV/m in 9-cell cavities
10" | v % ; « Very high power required
C v L o ]
K L% T
v lt 1
v 4
v
‘:- A
|||u [ TN N T N T S T S I‘l T [N T TR T T N TR T T
0 5 [0 |5 20 25

]":1-: . |[MV/m]

Fig. 2: Cavity C19 before and alter HPP. The Qg
recovered partially after warm up to room temperature.
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Thermal Breakdown (Quench)

Localized heating

Hot area increases with field

At a certain field there is a thermal runaway, the field collapses
« sometimes displays a oscillator behavior % 3

* sometimes settles at a lower value

« sometimes displays a hysteretic behavior : :

L]

.
[ T [ T
omK AT 120 mK 1 IHAT[mKE 4

W
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Thermal Breakdown

(a)

Defect

T A

Temperature

-------- Tc

Defect

Temperature

Thermal breakdown occurs when the heat generated at the hot spot is
larger than that can be transferred to the helium bath causing T > T_:
“quench” of the superconducting state

.;eftgon Lab

W

O
OMINION

UNIVERSITY



Quench Mechanism

rf Niobium Helium I » The RF current produces heat
Q:V///// * Superconductors are bad thermal
— A conductors:
T ¢ 5 — Thermal conductivity
X' — Kapitza Nb/He interface resistance
T(x) AT « A small normalconducting defect can
Tg ¢ , produce a very large heating (Factor

x 10° surface resistance!)

Temperature difference between
inner surface and helium bath
temperature (two dimensional case):

High thermal and Kapitza conductivity required !!

Wi
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Thermal Breakdown: Simple Model

Defect Niobium

<+
d it & -
S
'\ /
He bath

The power dissipation {in watts) at the defect is
: 1 ) o
Qr = ;)-R,,H Ta .

Heat flow out through a spherical surface:

oT
~A4rix—=2
or &

When the defect reaches 7)., the field reaches its maximum value

'I'I-IH(T" — E :n
all,, ‘

Hivax = (|
\.
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Breakdown field given by
(very approximately):

4KT (Tc _Tb)

H, =
th rd Rd

7. Thermal conductivity of Nb

R,4: Defect surface resistance

T.: Critical temperature of Nb
T,: Bath temperature

W
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Thermal Cond

10000

1000 |

100

K (W/m.K)

10 ¢

1
0.0

Fig. 3 The thermal conductivity of niobium as a function of
temperature, for various RRR values.

20 4.0

T(K)

6.0

8.0

10.0

RRR is the ratio of the resistivity at 300K and

4.2K

RRR is related to the thermal conductivity
AT =4.2K)~RRR/4 (W. m™" K%

For Nb:

.geffé?son Lab

~ _ P(300K)

p(4.2K)
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THERMAL CONDUCTIVITY, Wem™K"

3x10%¢

20

10

ey
S
-~

™

—
o
)

uctivity of Nb

 Various Coppers

1 1111111

: /\IbRRR=3OO :
200 L /il 1 R S T T Y | N

) 10 100 300
Nb RRR =40
| 1 R pl B AT | ] J
10 100 300
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Numerical Thermal Model Calculations

a0 | 50
——RRR=525; 1,6K | Rdef=10mOhm s -+ usual Kapitza resistance
--+- RRR=270 ; 1,8K ; Rdef=10mOhm .
01 —~+RRR=40 ; 18K ; Rdef=10mOhm | T & = facor 19 efeased
30 + 301
Eacc + Facc |
[MVIm] | [MVim] L
20 1 20+ T 4
101 10 1
0 ||||I||||II||||I||||I||||I||||l|||||I||||I G_||||Illllll||IIIIIIIIIIIIIIIIIIIIIIIIII

0 50 100 150 200 250 300 3350 400 0 50 100 150 200 250 300 350 400

defect diameter [um] defect diameter [im]

Note: H,, has nearly no dependence on T3 < 2.1 K

W
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Magneto-thermal Breakdown

- Quench location identified by T-mapping
* Morphology of quench site reproduced by replica technique

i | 003 ,.'\ Local Magnetic Field Enhancement:
Eoos| | | fael 2 | Quench when B H > H,
™ 0.004 - '
0002 | . / \ J
/ ! /
%2 %% o0z oa o6 o8 % T - 15
x(mm ) {mm)
14 16
W1 B=127 . 8=1.43
‘ l 12
1 — | p—
l '
0s
08
°3° 2 n(mm‘) 0 : 050 x (mm) b .
iy
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Magneto-thermal Breakdown: Maximum E__.

Hpk
A
Hcrit RF
&"ﬁ qﬁ /
>
& N
& <5
(" 4 =
‘c?;; @“‘Eﬁ'
&
-'b{\LEP u_ﬂﬁ
s (2
S/ G—

v)“ Eacc

Quench Eace  Ultimate Eac:

Local magnetic field enhancement model

Hpk
A

Herit,rr

Depressed Hent, RF due to local defect

w’-‘*‘"ﬁﬁ

=

Y > Eacc

Quench Esce Ultimate Eac

Local critical field depression model

r < 1, reduction of the local critical field within

Emax:d

r HC,RF

acc

B (Hp/Eur)

.!effé?son Lab

the penetration depth, due to impurities or
lattice imperfection
d, thermal stabilization parameter « ik

Bm > 1, geometric field enhancement factor
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Type of Defects

100 um

Cu

0.1 — 1 mm size defects cause TB
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Optical Inspection

« long distance microscope (Cornell)
— resolution: 12 pm/pixel (limited by

camera)
« University Kyoto and KEK camera o merge
system 2 i
— resolution: 7 pm/pixel camera fight source _ "Lt
— variable light system for height 3 e .1 iatear
measurement | 50 /<_, EEsEsd
' 7 Cavity Vac. side |
A 50— 000, 3800, 32000
A4
erd Orn
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Defects Seen by Optical Inspection

Cell 6, Quench at 16 MV/m on equator

a1

200 gi0 o % @

Cavty 2111 Tezt2 il 2006.1207_16.37.38_Tmap

»
A

il eau

"
-
w
-
i =
| I
-
-
-

o

: -
( X.Singer,DESY

250 pym

» Auger analysis: no foreign material
« EDX analysis: increased content of carbonin -

black spots

.geftgon Lab

et 185861

DESY
« Holes with sharp edges
along the grain boundaries
in the equator weld SEM

 Pits around the holes.

X. Singer, DESY

“! Hoos M Heraeus
" Singer X. DESY

uwm

O
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Defects Seen by Optical Inspection

Cell 5, Quench at 23 MV/m on equator

Z130 o, —

0.1 n ' » v . o
-100 -50 o 80 1m 150 200 262

|Cavity 2130 Test3 File: 2008.10.17_12.04.33_Tmap
50+

2 hole in the

L. equator

. | weld

- fea X. Singer, DESY

|
|

3D image, bump and hole up to 200 um deep

comment
(zﬁ 10.07_120433_Tway # 178 Plmods, Ll messiranent deepn

#

M . Hoos, Heraeus SEM

X. Singer, DESY

#2

g
W

Ken Watanabe J'»“""“ M OO \,,, Nb er-now HOrQEUS|
Kyoto Camera DT 5, G e
No foreign material inclusions detected by EDX
hhhidd
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Cures for Quench

e Prevention: avoid the defects
— High-quality Nb sheets

— Eddy-current scanning of Nb sheets

— Great care during cavity fabrication steps

* Post-treatment:
— Thermally stabilize defects by increasing the RRR
— Remove defects: local grinding

W
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Post-purification for Higher RRR

» Post-purification by solid-state gettering
« use Ti(orY) as getter material => higher affinity for O, (N, C) than Nb

Niobium - coating of cups or cavity with getter material at 1350 C (Ti) under UHV
N - 1 support - diffusion of O from Nb to Ti until equilibrium
1400 °C | Niobium + 1) Increase of RRR = 250-300 to RRR = 500 — 700
— I 1.3 GHz 2) Homogenizing impurities
cavity 1600 1 : ] |
Tungsten 1400 F —
L heaters :
Lt 1200 | 3
Niobium box rrr 1000 —
with titanium i 1
liner 800 : —
600 [ X\ 3
- Titani g
g 400 L "W S S— _
200 st il e aa o e T 0 ey syt
0 500 1000 1500 2000 2500 3000
™—— Heat shields Layer position on the cross-section of sample, pm
«—Vacuum Disadvantages:
. — vessel .
AL L « >50 pm material removal necessary
Scale: 10 om after heat treatment
« Significant reduction of yield strength of
the Nb
O
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Post-purification

1E+12 pr— m——
- = = = 3 Quench Field and niobium RRR|f ==
- F=13GHz, T=1.TK —
- m RRR 150
[————— - L RRR 250
v ¥ & 7 |a Qe *
1E+11 Z::::Z::::::::I:::::::::.:E‘.E .RRR?S{'_I[I
-?;;;':‘:E:‘E:i::::::::::::_iz
e R e | -Y "€ - ___C-_e_1___"Z
S 3"""__?t‘:_zze_-,_,_ii'_t,____-*__ _____
' ™
| - A - = - - ] ___I.___,.,____" ______
] %
e
1E+1u — — - - ::::::::I::::I:::::i::
F———F-%-—|=-c=-=—f-=—4d-=-=--®=-=-
__________ I R R N D .
_______________ Y | ____2_
_________ QUENCHES -
1E+Dg RN B | ekl "I T B | Illlliiil
0 5 10 15 20 25 30 35

J)effe?son Lab

Eacc (MV/m)
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Number of cells
— N w & 1) o -~J
o o o o o o o

<

.geftgon Lab

Post-purification

Benefit of the high temperature

heat {reatments
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After B00°C : | After 1400°C
Average [r— r Average 26 MVim |
23.5 MVIim : |
|
|
|
i
| W After 1400°C
: B After 800°C ——
*—Y_F’ 11111111111
10 15 25 30 35 40 45
Eacc [MV/m]
Lutz Lilje DESY e e 27.02.02
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How High of RRR Value is Necessary?

9-cell ILC cavities

50
¢ BCP
45 mEP
m
CEBAF
40 l—l? Refurbished
. Cavities (>30)

35 2 " ® BCP
E = 'ﬁ' i W= 100 pm
= ks
S 30 - P '“0’“ * diameter nc
= 25 defect
§ High Field Q-slope
: 20 Range

15 i 1 3

/ R, g * oo & ¢
10
@
5 =
-
0 Ll L) L4 A A4 T L
0 100 200 300 400 500 600 700 800 800
RRR
wn
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Defect Repair: Local Grinding

Polymond + water for grinding

Polymond: diamond particles in aresin
(particle size =40 ~ 3 um)

W
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Defect Repair: Local Grinding

B Al ™

After Gnndlng and EP 50um

C 'Q"' E P' WinT

Removed the bump
ISy <SRN

ILC- TBOAES003 - Q vs E
Tested 1/26/10 - Grinding and EP @ KEK., HPR @ ANL. then 120°C bake

LE+I1 ¢ E+04
Quench at E,..=20 MV/m g
I :;;ﬁ;_ﬁ; I L 1 Er03
P e R
1LE+10 & =L 2
[
E
& - g
7777777777777777777 RFpowerFE | 3 g
Z
1.E+09 =4
1.E+08 -WMM&MM_ LE-02
0 5 10 15 20 25 30 35 40
Gradient (MV/m) 7. Orelis
Figure 1.) Qo vs E runs at 2.00K and 1.80K.
umwm
OLp
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Summary on Quench

- Big improvement in Cavity fabrication and treatment
less foreign materials found (at limitations <20MV/m only)

* Visual inspection systems are available
« Many irregularities in the cavity surface are found with this systems
during and after fabrication and treatment
pits and bumps
weld irregularities
« Often one defect limits the whole cavity
« Some correlations are found between defects and quench locations
at higher fields
But often no correlation between suspicious pits and bumps
and quench location
« At gradient limitations in the range >30 MV/m defects are often not
identified

W
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High-Field Q-Slope (“Q-drop”)

.!effé?son Lab

11
10

10

10

10 9

10

Ideal
Residualllosses \l
\4
d . Quench
o o
L )
® o o
[ .. o o ° 5
° ® Field emi?;ion
(]
Multipacting ° ° )
. . 0. Q-drop
) o9
Thermal breakdown e o9
8 [ J
RF Processiﬁg
0 25 50 MV/m

Accelerating Field
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Q-drop and Baking

1E+11

OT=2K mT=2K after 120C 48h bake

" acduimaa PR - -
g :
S 1E+10 . .EE!"/

No X-rays

1.5 GHz single-cell,
1E+09 T T T T T T \ \ \ treated by EP
0 4 8 12 16 20 24 28 32 36

Eacc [MV/M]

» The origin of the Q-drop is still unclear. Occurs for all Nb material/treatment
combinations

» The Q-drop recovers after UHV bake at 120 °C/48h for certain
material/treatment combinations

W
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Experimental Results on Q-drop

/‘\ D E SY Cavity Teat
9 a
- Eacc [MV/m] Q0 ile
_— QO - 28 10 Temperaturs profile B \Egpg ’Lhw*muwaﬂmap T kT
Bp =110 mT u_pp_Eh)zéZ 0,700
e D
16~
- iF -
5 ' 12- L I r .
equator 0 o000
0 8- 1 delta Tes
T 6- . 0 [Ezz.uEE
max delta T
-0 “ 0.
- CORNELL
0-, L
Lo 0 5 1015 20 25 % 3 40 45 50 85 60 65 70 75 0 @5 W G -
! e st g 2rei Temperature map at Epk = 48 MV/m before baking dTmK
! m
—0.4 l
AT (K) aw
0.3
0.2
100
0.1
ﬂ—
» Bottom
. ] | .
0 10 wn 0
azimuthal pos®ion
3.0
wTop Iris
[13 3 H 1 H
» “Hot-spots” in the equator area (high-magnetic field)
W
—
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Experimental Results on Q-drop

1E+11

—{ mTEO11
— A TMO10 T=2K

OTEO11 after 120C 30h bake
A TMO10 after 120C 30h bake

1E+09 T I T I T I T I T I T I T I T 1
0 20 40 60 80 100 120 140 160

Bpeak [mT]
 Q-drop and baking effect observed in both TM,, and TE,;; modes. TE mode has
no surface electric field

Q-drop: high magnetic field phenomenon

Onset of Q-drop is higher for
* smooth surfaces
 reduced number of grain boundaries

W
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Baking: Material and Preparation Dependence

Baking works on cavities made of:
- Large-grain Nb (buffered chemical polished or electropolished)

Smooth surface, few grain boundaries

50 um

- Fine-grain Nb, electropolished - Fine-grain Nb, post-purified, BCP
' Smooth surface, many Smooth surface, fewer
=M grain boundaries grain boundaries

100

Bakin?jn does not work on cavities made of:
* Fine-grain NDb, buffered chemical polished

e -
e ~
el g y

Rough surface, many grain boundaries

wir
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Recipe against Q-drop

Recipes necessary to overcome the Q-drop, depending on the starting material,
based on current data:

‘ Large grain/Single ‘ ‘ Fine grain niobium

crystal niobium

Titanization

|

} !

Vo~ ]

120 °C/12 h 120 °C/48 h
UHV bake UHV bake

W
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Baking Effects on Low-field R, and H_,

10

r;,=B.3/B.,: depends on
€ * * bake temperature and duration
Q L T T T v T v T T T y
N
=r
T 50 | + * o 2.6 %
o I | _
ng 50 F } T 2.4 .
=" ] :
70 A R SR R - ;_%22 —%— BCP @100°C
- —a—BCP @120°C |
40 70 100 130 160 190 e BCP @123°C
Baking Temperature (°C) —x—BCP @144°C
20 o 80pmEP @123 C|
« Decrease of Ry due to 4 of | and T of | I
energy gap |
« The physics of the niobium surface T 20 a0 60 80 100
changes from CLEAN (I > 200 nm) to Baking time [h]

DIRTY LIMIT (I = 25 nm = &)

W
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Models of Q-drop & Baking

* Magnetic field enhancement
* Oxide losses

* Oxygen pollution

* Magnetic vortices
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Magnetic Field Enhancement Model

Normal Conducting region %18_ A _
§ 161 ;: .
N B} ' .
N z o / 1
fe ) %‘ 14k .
%, Magnetic Field Lines § ]);:.,.--« \
vem T )
Distance from corner (um)
AFM image of a grain .
boundary edge Local quenches at sharp steps (grain
boundaries) when ,.,H > H,
B.,: Field enhancement factor LT AT
> Qp(By) calculated assuming —
v Distribution function for B, values £l i
v The additional power dissipated by a
guenched grain boundary is estimated to be _
~ 17 W/m ll:Iﬂl,-” “'l.a””l‘.-””'u“”'lnl IIJI:I
) Acce ler.l-m;g electnc :I'Leld.l:h,:_.;l SRY |:|1-]
wirr
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MFE Model: Shortcomings

The model cannot explain the following
experimental results:

» Single-crystal cavities have Q-drop
« Seamless cavities have Q-drop

* Low-temperature baking does not change the
surface roughness

» Electropolished cavities have Q-drop, in spite of
smoother surface

O
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Interface Tunnel Exchange Model

Nb NbO, ND.O;, (x,y<1) R

E I o P Ee ezE,t 1

- 0
< ;/—/u/
- .'«.:z:-—;,.—«\\_(_ ,//3’1\ T E
-ﬂ[zz—;—\—/ﬂ- : ‘\T\:\i F : A
H ] \ L , ,:l R - - = 3

ezE, it

3
, Schematic representation of

Band structure at Nb-NbO,-Nb,Os , interfaces the Nb surface

« Interface Tunnel Exchange (ITE) model
— Resonant energy absorption by quasiparticles

in localized states in the oxide layer ¢ 107
— Driven by electric field . ah i
0~ ez — |TE Fit
10° :
2 5 0 50 100
RSE — b (e_C/EP _e_c/EO )+ ie_C/EP _ie_C/EO +E C_Ze_C/EP _C_Ze_C/EO Bp (mT)
E, E, 2| E; =

W
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ITE Model: Shortcomings

The model cannot explain the following
experimental results:

* The baking effect is stable after re-oxidation

* The Q-drop was observed in the TE,,; mode
(only magnetic field on the surface)

 The Q-drop Is re-established in a baked cavity
only after growing an oxide ~ 80 nm thick by
anodization

O
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Oxygen Pollution Model

- Surface analysis of Nb samples shows high

concentrations of interstitial oxygen (up to ~ 10 at.%) at

the Nb/oxide interface
* Interstitial oxygen reduces T, and the H_;

) Magnetic vortices enter the surface at the reduced
, their viscous motion dissipating energy

H

cl

Before baking

f
R

0 0,0 660.0.0
2500°P0%° P00 6200 £

T T " " " " ™

- The calculated O diffusion length at 120°C/48h is ~ 40 nm T S

Nb,Os

m—)

Interstitial oxygen is diluted during the 120°C
baking, restoring the H_, value for pure Nb

0.8 F

0.6 L

04

Oxygen concentration (at. %)

J)effe?son Lab

140

T (°C)

160

180

Calculated oxygen concentration
at the metal/oxide interface as a
function of temperature after 48h
baking
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Suboxides (NbO,, NbO)

After baking
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Oxygen Pollution Model: Shortcomings

The model cannot explain the following experimental results:

« The Q-drop did not improve after 400°C/2h “in-situ”
baking, while O diffuses beyond A

 The Q-drop was not restored in a baked cavity after
additional baking in 1 atm of pure oxygen, while higher O
concentration was established at the metal/oxide
Interface

« Surface analysis of single-crystal Nb samples by X-ray
scattering revealed very limited O diffusion after baking
at 145°C/5h
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Fluxons as Source of Hot-Spots

* Motion of magnetic vortices, pinned in Nb during cool-
down across T, cause localized heating

« Periodic motion of vortices pushed in & out of the Nb
surface by strong RF field also cause localized heating

The small, local heating due to vortex motion is amplified
by Rgcg, Causing cm-size hot-spots

W
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Thermal Feedback with Hot-Spots Model

HY)

Hot- —  The effect of “defects” with reduced
spot superconducting parameters is included
e Tt In the calculation of the cavity R,

coolant

coolant L Hot-spots

x * This non-linear R, is used in the heat
7 balance equation

10" e _
u()=0e"" Fit parameters:
285 2
B—2=1+g+u(0)—\/[1+g+u(0)] —4u(9) g related to the No.
% 00 and intensity of hot-
oF 10" L » spots
Y | _ 0)9 Q,(0) low-field Q,
1+ B
g p/ bo By quench
field
100 L
0 30 6 9 120 150 180
B (mT) A. Gurevich, Physica C 441 (2006) 38
p

W
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Q-drop: Recent Samples Results

Samples from regions of high and low RF losses were cut from single
cell cavities and examined with a variety of surface analytical methods.
No differences were found in terms of: °
* roughness

e oxide structure

« crystalline orientation

Local misorientation

m e ‘ "'.‘ ';. .:7.:-‘:‘\ S - gle e
100 um 100 um 0° o bo

It was found that “hot-spot” samples have a higher density of crystal
defects (i.e. vacancies, dislocations) than “cold” samples

W
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Q-drop: Recent Samples Results

-
o

s
L

§1z
10
Gold Tip ® 06
o
— EN_
_ Z .z
14—
A0 B B = =2 1] 2 4 B B 10
() Voltage [my]
- 2
175 = Unbaked Niobium
§ = 2& 16+
S 15
L B 144
21325
c 8 12
g . g
B [ E 1
%D.?ﬁ g a8
€ 0s : E oo
Z j 3
0.25 [ I £ 044
[ l J =
0 | 0z4
0 8 6 4 -2 0 2 4 B & 10 -

Voltage [mV] 40 8 8 -4 -2 0 2 4 8 8 10

Vollage [mi]
Ideal BCS, T~1.7K Baked Niobium 120C-24h

- Zero-bias conductance peak: presence of dissipative pair-breaking layers on the
cavity surface
* Possible source: magnetic impurities (Nb,O 5?)
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