Superconductive Matenals

Part 11
Basic Principle of SRF



Qutline

In this lecture we will address these guestions:

« Why is important the R&D on accelerating cavities?

- Superconductivity means no resistance. Why can't we reduce the losses to zero?
« Why is niobium the material choice which requires costly helium cooling?

- What are the fundamental and technical limitations of niobium SRF cavities?

» What are possible future materials and what are the challenges? {mext lessor/
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And now finally...

...RF Superconductivity
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Surface Resistance of Superconductors

| Nie)
Superconducting currents are transported by Cooper No | |
pairs formed of two electrons Mo
||
Flow without friction = DC supercurrents are lossless if W\
/ \
/ \‘
At T > 0 K there is a small fraction of unpaired electrons ,’ \
/ \
—A/KgT
n, (T) < e~2/ks / \
// \\
' A=
Cooper pairs have a finite inertia. Under RF fields a time- % NE2
varying E-field is induced in the material. Normal )
electrons see this field, move and dissipate 7 : _
E E=€+E,

VxE=-2 m) R >0
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Surface Resistance in the two fluid model

Basic ingredients for RF superconductivity n/n =1-(T/T.)
* Two fluid model (Gorter-Casimir
0 fluid model (Go e. asimir) Close to O K:
* Maxwell electrodynamics
* London equations (
n, = expl(——
Basic assumptions of two fluid model
> A
* all free electrons of the superconductor are divided into two groups: Z’
o [T
* superconducting electrons of density n, 2 R n
O n -
* normal electrons of density n, 3 Sy
Q@ I PSRN
5 >

* The total density of the free electronsisn=n,+n_

_ . temperature (K)
* Asthe temperature increases from 0 to T, the density n_decreases from n to O
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Electrodynamics of normal conductors

We can derive the skin depth starting from the fundamental equation of electrodynamics:

Linear and isotropic

Maxwell’s equations -f- Drude’s model

Material’s equation
V°E:g D =¢yc E J=0E

ot B =uyuH
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Skin depth

For a good conductor at RF frequencies: we << o » aa_lt) ~0

V X
\7><H=]+X » VxH=] ‘ VXVXH=0cVXE
J=0FE

V:H = iocuguwH

H = Hye'"
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Skin depth (2)

VH = icuguwH o
Xt
Solution (semt-infinite slab): \L\L‘L
— —i yOpt)
H, = Hye /oe /s ]
(1+1i) y \Tﬁ
k.= ) y

AC fields penetrate a thickness 6 (the skin depth) & =

| HoHO®
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Surface impedence

Surface reactance
z=S1_p +'){’_
= 7y — g TlAg
H,

\— Surface resistance

For the semi-infinite plane conductor:

E:| oy 7, -
010, " o8
R

Zy =

E,|
HJ’

1
s = Xg = —

_ \/uouw
oo 20
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Anomalous skin effect

What happen at low T (and high frequency)? R, = —
o( /) increases f 5 decreases ‘

The skin depth (the distance over which fields vary) can hecome

less than the mean free path of the electrons (the distanc
they travel before being scattered)

’ :' ____1____ 2
/\ I - N 6= ow
r Vﬂoﬂ

A /(x) # o E(x)
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Anomalous skin effect (2)

Non local relationship introduced by Reuther and Sondheimer:

30 (r(r-E)e "/t
 Ame r4

d3r

J

Non-locality enters the problem when the response to a field can
only be determined correctly by integrating over a volume of the
size of €3 (3D case), where £ is
comparable to or longer than the T e—

distance 8, the depth over which ' A N
the E-field varies R Tt
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Surface resistance - some numbers
For Cu @ 300 K and 1.5 GHz:

o (300 K) =5.8 x 107 1/Qm
Ho=1.26x10° Vs/Am

u=1

2
0 = =17pm RS: = 10 mQ

1
| Hotow b
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Surface resistance - some numbers (2)

Surface resistance of Gu at 1.5 GHz as a function of temperature

R,(300 K) = 10 mQ 10 - - -

R,(4.2K)21.3 mQ

aé , :Anomalous skin effect [>6
RRR = 6(4.2K)/5(300K) = 300 R —r J() # oB()
o N R.=1/c5
...in spite of the resistivity
decreasing by a factor 300 from
300 K to 4.2 K, R, only decreases by o s a0 10 200 250 300
a factor of ~8! T(K)
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Surface Resistance in the two fluid model

London equation: Two fluid model: LT
9. E ‘ N J=J +J =\o, —io, )E , 1 m
(t]fs_ /.L[]Ai E_E ” Js l n S (\ ! . 2); AL=‘U_OnSeZ
=E,e 5, o

Electrodynamics of SC is the same as NC, only that we have to change c — o4- i o,

Penetration depth: o= - 10)62 \/ 1+ii‘i /o, :({”m(li;z)

HyO W Ky

o, << o, for SC at T<<T,

For Nb: A.=36 nm
compared to 6 = 1.7 um for Cu at 1.5 GHz
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Surface Resistance in the two fluid model

- - ‘EII‘ £, : Lo f
Recall the definition of the surface impedance: Z=— = =R +i X = [—
jo J(x)dx H, o

2= i, = [ =[Oy 1) 1
o of R za,uga)zalxli

Normal Fluid channel

2: y ( 1—|— 2+1) :i é cTI'l
@, 1+y2 V y T Y o, — AAANN\/
| Z =R +iX, N 0
ForaSCo,<<0, 2 y<<1 — ) —

’ L,
Superfluid channel

2 X, =ouyk,

Ls: kinetic inductance
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Surface Resistance in the two fluid model

1
Rs = Eﬂowzo-l/l%

R, & w? » use low-frequency cavities to reduce power dissipation

R.temperature dependence

L o 20D
n L n, (T) &< 1-(T/T)* near T_
. . 0p(T)oxn (T)x e (A/KBT) gt T<<T,
TC

R, x w?2;¢e=A/ksT T<T./2
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Rs within BCS theory‘ High- SC

K
Mattias and Bardeen (1958) used time dependent perturbation 3 _

theory to derive R, for weak RF fields

Within this theory no simple formula can be derived. Several
approximate formula can be found in the literature for some
limits. A good approximation of Ry in the dirty limit for T<Tc/2

and w<Ah is: | “Dir'Ty" SC

R N ﬂoszALBUnAl ClkBT A *
BGS =T 1T | hw

Ci~9/4
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Rs within BCS theory

There are numerical codes (Halbritter, 1970) to calculate Ry as a function of w, T and material parameters (x,, I, T, D, /)

SRIMP Results:

This webpage calculates BCS surface resistance under wide range of

conditions, and is based on a program by Jurgen Halbritter. [1. Halbritter, Resistance (OM}: 1.9031321344341478=-8
Zeitschrift fér Physik 238 (1970) 466] Diffuse Reflection:

Penetration Depth (um): 0.037746828693838295

Enter material parameters below, and click submit to calculate the BCS
surface resistance. Results are given in a new window.
Please be aware that frequencies much lower than 1 MHz may cause

substantial processing times (depending on the user's computer).
Input Parameters:

Recs Nb = 20 nQ)

Frequency (MHz): 1300
rreaueney (e = Transition temperature (K): 92
Transition temperature (K): 0.2 DELTA/LTc- 1.26
DELTA/KTc: 1.86 London penetration depth (A): 330
London penetration depth (A): 330 Coherence length (A): 400

RRR: 300
Coherence length (A): 400

Accuracy of computation: 0.001
RRE 300 Temperature (of operation): 2
Accuracy of computation: 00l
Temperature (of operation): [2 http://www.lepp.cornell.edu/~liepe/webpage/researchsrimp.html
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http://www.lepp.cornell.edu/~liepe/webpage/researchsrimp.html

BCS vs two fluid model

The treatment within BCS theory and two-fluid model give qualitatively similar results
Quantitatively they can differ by an order of magnitude
The BCS treatment gives qualitatively correct results for low field

To treat experimental data approximate formulae are useful, e.g.

w?A A w?A 1.76T,
RSZTGXP _kb_T RSZTGXP — T

Here A accounts for all material parameters
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The RF surface resistance
A
k, T

_ 223 2
Rpcs = w“Aapppexp

This equation implies A%:

* Has a minimum for medium purity

* |s proportional to w?

* Decreases exponentially with temperature
* Vanishes as T20 K

* |sindependent of RF field strength

In the following we will compare these assumptions to experimental data and modify
the formula if necessary
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Material purity dependence of R,

The dependence of the penetration depth on € is approximated as i(¢)~ 4, [1+ 7;;
o,cé
32
» R o140
4
TOO -
650
500 - “dirty”
i{j:j I % - » R oc/ if £ >> &, (“clean” limit)

500 - _

o R o™ if g << £ (“dirty” limit)
400 -
350 -

900
830

~ Nbon (3#,1.5 GHz, 4.2 K

800 - C. Benvenuti et
750 - L1 —+ al., Physica C
clean 316 (1999) 153.

i} -
R [nQ]

[ o]
tn F
—
=

20

Nb films sputtered on Cu

|+7E, /21

e By changing the sputtering species, the mean free path was varied

R, has a minimum for € = n&,/4 * RRR of niobium on copper cavities can be tuned for lowest R.

Cristian Pira Superconductive Materials 11 Basic principles of SRF



The RF surface resistance

213 2 A
Rpcs = w A appgexp (——>
k,T
This equation implies A%:
v * Has a minimum for medium purity
* |s proportional to w?
* Decreases exponentially with temperature
* Vanishes as T=20 K

* |sindependent of RF field strength
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The RF surface resistance

106; — w2).30.0“(2)exp (_i) Rs(OK) =)

| k,T
Rs = Rpcs(T) + Rie
Emi—
’ 1035 Frequency dependence for /s and /.. are almost identical

- NS ey 1200MHz |s there a common cause?
toopgs = = s s 800MHz
| Mteh4b00 044 0 . 400MHZ
10’ - ' ' '
2 3 4 5
TC/T

Measurement of the surface resistance at low field of niobium
at three frequencies with the Quadrupole Resonator
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The RF surface resistance

A

Rgcs = w*Aapugexp (——>
k,T

This equation implies A%:
v * Has a minimum for medium purity
Vv * Is proportional to w?
v ¢ Decreases exponentially with temperature
X ¢ Vanishes as T20K
* |sindependent of RF field strength
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The residual resistance

For Nb R, ., (~1-10 nQ) dominates R, at low frequency (f < ~750 MHz)

and low temperature (T < ~2.1 K)

Possihle contributions to A,

Lossy oxides, metallic hydrides

Normal conducting precipitates

Grain Boundaries

Interface Losses

Magnetic Impurities

Cristian Pira

Trapped magnetic flux and thermal currents

Superconductive Materials

1000 ¢

100 ¢

R, [nQ2]

10 ¢

B. Aune et al., Phys. Rev. STAB 3 (2000) 092001.
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Trapped Magnetic Flux

* Well understood contribution to R,

* When a cavity is cooled down in an ambient DC magnetic field not all flux is

expulsed — Incomplete Meissner effect
* |n fact fields of a few uT (order earth magnetic field) can be completely trapped

* In cryomodules thermal currents can cause additional magnetic fields which

can be trapped
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Trapped magnetic flux

When a cavity is cooled down in an ambient DC
magnetic field not all flux is expulsed - Incomplete
Meissner effect

Trapped magnetic field can also result from
thermoelectric currents

Dissipation due to oscillating vortex segments,
driven by the RF field

Cristian Pira Superconductive Materials
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Trapped Magnetic Flux Measurements

n B]
B
‘ o o # I (j & -

2

—_— — > - B

1
”
o - . T,

T > Te T < Te T < Te T = Tg ]<I{_~ I < Tg B,
By > 0 Boyy > 0 Bowt = 0 Bexy > 0 ext > 0 Bexe = 0

{a) Sketch of the perfect Meissner effect (b) Sketch of flux trapping

FIG. 1. Comparison between the perfect Meissner effect and
the suppression of the flux expulsion due to flux pinning.

Typical levels of trapped magnetic flux in cavities are
between 100-1000 nl

Experimental configuration used
at Fermilab on Bulk cavities
Cristian Pira

Superconductive Materials
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Trapped Flux - Real Example

1 OPR RF test

“ 10{] T L] T T T T T
QO R R 20 mT, 417 MHz + | e
BCS + res + 90 F| + Initial Cooldown %
O Slow cooldown K
80 b Fast cooldown c
e ©
=] <] Full cycle of QPR 5
£ 2 Full cycle + Fast cooldown t é
o 70t Q
I ! I ' I ! I ! | I E %)
45 Fast from 20K (b) -;E 60 | O\N g
- —— Slow from 11K Strong 1 @ 0\6 5
4.0 - “—F . B 50 F co ' o
%) flux expulsion @ N o 2
£ - < o\° + ¥ 5
S 35 . 5 400 7 4 + >
2 @ + o+ 2 o
= B N e}
§ o Poor : opE { s aaon® 7
5 i & 8 4 y < cO =
S flux expulsion . 20! ¢ ¢ < 9 93‘5" :
= 25 . ! . . ) . o
2 3 i 5 B 7 8
20 Sample Temperature (K)
15 | 1 1 L | 1 | 1 | L |
6 7 8 9 10 11 >

Temperature (K)

A. Romanenko, A. Grassellino, O. Melnychuk, D. A. Sergatskov, J. Appl. Phys. 115, 184903 (2014)
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http://upload.wikimedia.org/wikipedia/commons/b/b5/EfektMeisnera.svg

Normal conducting precipitates

Islands of NbH precipitates at the surface
* Bulk hydrogen conc. > 10 wt.ppm
* Cooling rate < ~1 K/min between 90 — 150 K

after thermal cycles

T T T T T T
€11 b . s
s o b
[ X C
i e d
1E10 ™ oy L = = i
3 - o
: l;b';'n my last
s | %ang B o oa & & o
59 ° oy
1€9 - oy .
2 .%Q‘% ¥ X xxx 9L
: *s o @ o &% 5 =
3-70 h
1E8 |- :
c; ' :; . l; — sll — !'2 R F. Barkov, A. Romanenko, and A Grassellino, Phys. Rev. ST Accel.

5 i) i 2
Eacc (MeV/m) Beams 15, 122001 (2012)

B. Bonin and R. W. Roth, Proc. 5" SRF Workshop, Hamburg,
Germany, 199, p. 210.

Cristian Pira Superconductive Materials 11 Basic principles of SRF



The residual resistance

BCS DOS

¥ SmearedDOS Point contact tunneling experiments on
i Nb and Nb;Sn have found finite density of
| E states (DOS) inside the energy gap
s =
15} 5 The physics remains not fully understood,
N A — however subgap states will yield a finite
05| 5 R<(OK) irrespective of physical mechanism
0 0.5 E;A 1.5 2

A. Gurevich Supercond. Sci. Technol. 30 (2017) 034004
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The RF surface resistance

A

Rgcs = w*Aapugexp (——>
k,T

This equation implies A%:
v * Has a minimum for medium purity
Vv * Is proportional to w?
v ¢ Decreases exponentially with temperature
X ¢ Vanishes as T20K
* |sindependent of RF field strength
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The RF surface resistance

A

Rgcs = w*Aapugexp (——>
k,T

This equation implies A%:
v * Has a minimum for medium purity
Vv * Is proportional to w?
v ¢ Decreases exponentially with temperature

X ¢ Vanishes as T20K
* |sindependent of RF field strength ?
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The RF surface resistance

213 2 A
Rpcs = w A appgexp (——>
k,T
This equation implies A%:
v * Has a minimum for medium purity
Vv * Is proportional to w?
v ¢ Decreases exponentially with temperature
X ¢ Vanishes as T20K
X ¢ Is independent of RF field strength

Not only do /s and 4, depend on the RF field strength there can also be additional extrinsic losses
limiting the cavity performance
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Performance of SRF cavities

There are two parameters which define the performance of an SRF cavity: quality factor and the accelerating gradient

®, .
C;I Ideal performance The quality factor:
S = G
c |l N\ T T —— _ Q=— G = Geometrical Factor
E : _—— h""g,‘ Rg
D " "1\
% ...‘* =~ U 1
l] - ‘._'. v Q: Zn.fOP_ Pd :ERSJ szS
' . . . Quench d S
— \ Field emission
0 The accelerating gradient can be limited by
N i T the peak surface electric field (field emission)
T L B or the peak surface magnetic field (quench)

Eacc X Bpeak

There are two principal ways to increase performance: Shape and material optimization
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RF critical field: superheating field (H,,)

H Type 11 SC
ch([}) Normal State
.l.l.l L]
Abrikosov
Vortex Lattice
Hsh(o)
Hcl (0)

Meissnher State

Penetration and oscillation of vortices under
the RF field gives rise to strong dissipation and the
surface resistance of the order of R, in the
normal state

The Meissner state can remain metastable

at higher fields, H > H_, up to the superheating
field H, at which the Bean- 11_ivingston surface barrier
for penetration of vortices disappears and the
Meissner state becomes unstable

Hsh is the maximum magnetic field at which a type-I|

superconductor can remain in a true non-dissipative state
not altered by dissipative motion of vortices

Cristian Pira
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Superheating Field: theory

Weak dependence of Hsh on hon-magnetic impurities

2

T
Hsh(T) = C(K)Hc 1— F
C

c(x) the ratio of the superheating field and the
thermodynamic critical field

Cristian Pira

4.0

30

(h}

2.0

-
| &

——— s — =

"
TYPE [ — '-rl TYPE O

NORMAL STATE|

Lo

0.8k
0.7F  Snln InEi

0.6

Mormalized RF Critical Field

0.5

ol LEGEND: b vs x at 90 MHz

=— hl{121.0) By Extrapolation

- h!l1=0.93)

I =+— jAbsolute Error Bor

MEISSNER STATE] ] 3\

Superconductive Materials

06 OF 0809 0 0.2

0.3 D4 05 08 OF 080910
K

T. Yogi, G. J. Dick, and J. E. Mercereau. Critical rf magnetic
fields for some type-i and type-ii superconductors. Phys.

Rev. Lett., 39(13):826-829, Sep 1977.
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Superheating Field: experimental results

2500 ——— —— —
Use high-power (~¥1 MW) and short - A | 2
(~100 ps) RF pulses to achieve the _4‘ | -’_‘é,? EON %
metastable state before other loss 2000 --"-?__;_55 N % “?@)
mechanisms kick-in — - ;,E ~] 03 :
S 1500 04~ B~ — .
I i ? ~ ] . ]
RF magnetic fields higher 1000} e e
than HC1 have been measured in i “"ym_i:q?g
- 500 R v
both Nb and Nb;Sn cavities. H [ 0 _Nb Measurement Nb.&n H TR,
. . . . Nb,Sn Méeas t - 3P Mg TS
in Nb,Sn is << predicted H,, . gon Meastrement ——— = _ L TR
0 0.2 0.4 0.6 0.8 1
2 'S an adamsee, F1roc a7
[T”Tﬁl gﬁ?%%i‘ki?ﬁ.ﬁi&mo Térfm;. IT{;I?\ p.
789 (1997) .
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Superheating Field - real world
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SRF Gavities Extrinsic Limitations

: T £ deal perf

- Mechanical Vibrations ” Idea’ performance

c || TNe— T -
. . E e, HH‘\‘

» Multipacting S
I '
- ; = \ Quench
5 |\

» Thermal breakdown (Quench) RN

[ Hyirogen Q-isase |
» Field Emission e

Eacc X Bpeak

E..c =0.29 B, for TESLA type cavities
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Performance limitations

QQA
Ideal

_—

Residual
losses

o®® ®9

o

o

Multipacting
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Multipacting

Resonant process with emission of electrons from the surface of the cavity

Multipacting is characterized by an exponential growth in the number of electrons in a cavity
Multipacting requires 2 conditions:
e Electron motion is periodic (resonance condition): cavity frequency = n x cyclotron frequency

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

1st Order 2nd Order 3rd Order

LN T
W

Fa NN A
AY, L\vﬂvﬂvﬂ

1 point Multipacting 2 points Multipacting
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Multipacting (power curves)

Forward power (P;)

e time

T
e
.
e

Transmitted power (P,)

Multipacting

- fime

Reflected power (P,)

> time
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Multipacting (Q VSE,..)

A
1 010 \
~ 10° | T
% 108 Soft barriers
= Hard barrier
8 MV/m >

Peak electric field
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How to removes multipacting

10.0

Equator

]. Preventive strategy

p (cm)
9.0

8.0

7.0

T T T
-2.00 -0.76 0.50 1.75 3.00
z {cm)

2. Healing strategy

Cristian Pira
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T-Map experiment

_ . Niobium
Use temperature map to look for qguench mechanism/site: surface
T-Map board Thermal
paste

T-Map
sensor

|:
N\\ Pogo stick

Connector
leads

1-17

Resistor

%2 Cornell Laboratory for
jy Accelerator-based Sciences Ryan Porter Nb3Sn Workshop 2020

and Education (CLASSE)
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T-Map experiment

First quench site disappears after many quenches:
T-Map

Temperature vs Time on Sensor (30,8) Emar =16.6521

Pt Trace

SEEEEEEEN B EE
ANNENENEE EEEC
EEEEEEEER @BE
EEEEEEEEE EBE )

Delta T (mK)
»

%2 Cornell Laboratory for

;] Accelerator-based Sciences
& and Education (CLASSE) Ryan Porter Nb3Sn Workshop 2020
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T-Map experiment
Observe quenches happening in two different spots:

T-Map
EEEEEEEEEE ( EEEEEEEEEEEEEEEEE eI ©
EEEEEEEEEE ([ /SEEEEEEEEEEEEEEE )t
15 —DllllIIIIDJDulllllllllllllllL-uDD[jDLDJ-_‘I 5
SEEEE SEEEEEEEE SEEEEEEEEE B EEEEEEE  =Em
EEEEE EEEEEEEESEEEEEEEEE EEEEEEEEE  EE
SEEE EEEEEEEEEEEEEEEEE  EEE
EESNEEY ERECEOENEEEIENE B8
Al EEEEEN #SEEEENEEEEE B
Hl EEEEEE "EEEEEEEEEE B
lllllllllll: EEEEEEEER B
O]
O

F
L]
B
[
=S

L]
il
2]

lh
D

LI
"R
wa

Resistor #

_ SAEEERT AN EEEEEEEEE B
EEEEEEET ) (S EEEEEEEEEE
ERERREROOLC =IIIIIIIII
]
&}

EEEEEEE (/N [ S EEEEEEEEEE
ERRREREOOC00
HEEER EEEECCE

= g
BE
B =
LN
HE
nE
BHE
HE
L1
L
Hiz

CAENEEEEEEEn

—

HO0I0000001010)

0 O 10 15 20 25 30 30 40
Board #

%2 Cornell Laboratory for

] Accelerator-based Sciences
& and Bducation (CLASSE) Ryan Porter Nb3Sn Workshop 2020

Cristian Pira Superconductive Materials 11 Basic principles of SRF



Performance limitations

QQA

Tdeal

_—

Cristian Pira

Residual
losses
0% ,,
®
. l
o
® Quench
Multipacting
>
H, sh B
p
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Quench (Thermal Breakdown)

Localized heating at normal-conducting defects
Local magnetic field enhancement at shamp edges

Cell 5, Quench at 23 MV/m on equator

m o 1 ] w = n uy nr

- ] hole in the

; N equator
uator §
. weld

X. Singer, DESY

3D image, bump and hole up to 200 um deep
M . Hoos, Herasus SEM

X. Singer, DESY

h . 3 \

= —e e vl R
il e e Heraeus|

No foréign material inclusions detected by EDX W. Singer, DESY
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Thermal Breakdown

Quench is the final limitation set by the critical field of the material

A quench can however occur at much lower fields if the magnetic field locally exceeds the critical field or the
temperature exceeds the critical temperature at sub mm size defects of high resistivity

At high fields these defects will heat up its surrounding area above T_ and a normal conducting area will spread

causing a quench
(@) T A ® T4 J
Temperature Temperature
Forward Power
---------------- Te e Te -
Defect | Defect

"X Reflected Power

Transmitted Power
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Cures for Quench

Prevention: avoid the defects

* Use material with high thermal conductivity: high purity niobium or niobium on copper cavities
e Careful electron beam welding or seamless cavities

e Eddy-current scanning of Nb sheets

Post processing

* In production usually the cavity is chemically etched again

* Big defects with sizes of 1 mm can be mechanically grinded away. This requires knowledge of the quench
position from online diagnostics during cold test and optical inspection afterwards
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Quench localization and visualization

Quench sites can be located with temperature mapping
I

T

Cavity Z161 Test1 File: 2011.03.10_16.03.55_Tmap

-7ozEz

MESEEEEE NN NN
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Near quench behavior

- Measure temperature of sensor near the quench point as field is increased

Maximum field 1595877 MV/m, Trace 1
2[] T T T T T

18+ i X

16

O LA

D

141
12

10F

Max Field

2_ -
U/<—-\N—_
-~ Temperature

|
0 2 4 B 8 10 12 14 16 18 20

%\ Cornell Laboratory for

] Accelerator-based Sciences
& and Bducation (CLASSE) Ryan Porter Nb3Sn Workshop 2020

Blue: dT at quench region (mk), Red: Accelerating gradient (WMWfrm)
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Performance limitations
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Field emission

* Under high RF fields electrons can be released from the surface and accelerated

ccV  Spot Magn Del WD ] 10 pm
D.0kV 3.0 2766x SE 6.4

2E+10

1E+10

* Released electrons will impact on the

. . . o, . "
cavity wall creating x-rays and heating - 0 % BB S
‘-g% Cavity: LA030 .
- Reduced Q-value e I e B
E aoc (MV/m)
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Gures 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
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How to removes Field emission

Solution to field emission 2 hlgh Pressure water n'nsing (100 atm)
and an Ultra-clean assemhly - remove field emitters and preserve cleanliness
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SRF Gavities Intrinsic Limitations

« (J-disease

e (-slope

Cristian Pira

SY/ I = sso1d/Nm = °0

Ideal performance

\
\ *
Hydrogen Q-disease
N,
'~
S

""-l-._

— — h‘h
~
¥ . S
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- \
. . . uench
°

L]
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L]
[ ]
L]
L]
L]
L]
]
]
]

Superconductive Materials

Eacc X Bpeak
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The hydrogen Q-disease

If a cavity is cooled down slowly around 50-150K Q decreases

Effect correlated to hydrides

Some cavities recover afterwarm up to RT ™

800°C baking is always effective

Temperature (K)

300 [

200 [ -

150 |-+

250:

100 - <--

50: Lo

Time (hours)

Cristian Pira

b) G=f (Eacc)
after thermal cycles
L] I T L v
® 3
o b
x C
o d
x W N X x » »x
1E10 | » - o
- uﬂnu *y fast
D
8 - UDDD o o o o
i ‘%g‘(k ? o 0o 1]1
| x
1E9E% x""ixx < x
F % X X xx 2h
s %00000 °
°® 3.70 h
1E8— 1 1 i 1 A | I 1
0 3 6 9 12 15

Superconductive Materials

€acc (MeV/m)
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Performance limitations
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Observations:

* Strong decrease of Q, above E__.

The high field Q-slope

* Field emission not involved (no e -, no X rays )

* T map: global heating in the area of max B-field

e Limitation by RF power supply or quench

* Seemingly a typical feature of BCP cavities

e Solved with EP instead of BCP and baking treatments

1E+11

T T
1 1

B C1-16 (1.3GHz) |

Q [ medoe o -

By

5]
1E+10 o

ctrons =

° o
)
o
<

]

L5
RF

power

1E+09 ‘
0 10 20 30
Esec (MV/m)

K. Saito ef al. (SRF ’97, Abano Terme )

Cristian Pira

1E+11

Qo
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1E+9

B0OEmppgy
naj UDE]DE‘DE.-}D
U@ m g BEgg
B8y
C1-03/S-3 ( EP cavity) ]
KEK 3 quench:
0 10

By (MV/m)™>

( E. Kako et al. - SRF ’99 - Santa Fe )

Superconductive Materials

>20 MV/m (in Tesla cavities B, > 85 mT )
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(L. Lilje et al. - SRF ’99 - Santa Fe )
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Baking Effect on BGP Gavities

e “in-situ” baking discovered on BCP cavity
e slope improvement (90< T< 120°C) - degradation (T > 150°C)

Q C1-05 (BCP cavity) __ Baking reduces A but increases A
]
R ik . Rs %
1E+10 % % (nQ) —IL— 2P g C1-05 (BCP cavity)
| [
B no baking N e i
0 90°C - 48h el 100 ==V T A
=] IIOOC - 48h %ﬁ v !:ljj /' \
© 4.2 K (no baking) ES I—EE
S b
S - quench — 10 @ no baking L :||!E| DEID H_,._q
@ %%%;:B%?_‘_?ﬂ 0 90°C - 48h =
7 m 110°C - 48h
1E+08
0 0 o (MV/ )20 30 1
MV/m
ace 02 03 04 05 0,6 0,7
( B. Visentin ef al. — EPAC 1998 - Stockholm ) 1/T (K -1 )
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Baking Effect on EP Gavities

« Same phenomenon on E.P. cavities
e before baking: Q-slope identical to BCP
e after baking: Q-slope improvement

1E+12 E+11 —
— ERET -
Q Q-slopes before baking |-
0 ( BCP and EP cavities ) | _ Q = B
1E+11 | iA\ = A4 &;-II-.
— Ay =
I — C1-03 / S-3 (EP cavity) DE:’: % Um T
ﬁﬂ_ E+10 KEK 9 & 10 n I
KoSe % ﬁ
] ro]
1E+10 = A C1-03/S-3 (EP-KEK 9) N 1 T auencn |
— ADI-22 (EP - Saclay Al ) % B no baking |' !c::tlyver
— - - — 5 imi@aton
N ﬁgi-}ggggg- gggllgﬁ)ll)) 4 RF Power — m 110°C/30h
— 1 ACI-10 (BCP - Saclay N1) N Limit ‘
1E+09 N N N O Ly E+09 .
0 10 20 30 40
0 10 20 30 40 Epee (MV/m)
( Saclay cavity — EP & tested (@ KEK)
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Performance limitations
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State of the art Nb cavities

|s this the fundamental limit?

10" — e
: / : . . . . . .
; wYYWAYY 1 « Nbisreaching fundamental limits in quality factor

and accelerating gradient

v

Nitrogen Doping
* Unfortunately so far we can have only one or the

¥ 10" specific shape 1 other and only for elliptical niobium cavities.
High RRR niobium )
High temperature treatment ® | 120°C ! ) ) _ _
Clean room assembly 1 * There is still margin for improvement of non-
Hligh pressure rinsing | elliptical cavities.

107 e e 2~ * For performance far beyond the state of the art of
E_ (MV/m) elliptical cavities materials other than Nb need to
dacC .
considered
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