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m Superconducting RF (SRF) Cavity

Hands-on Training (SRF Cavity)

0. Introduction: Surface resistance

1. RRR (Residual Resistivity Ratio) measurement
of Niobium, Copper and Aluminum samples
(Resistivity by DC measurement)

2. Resonant Frequency and Quality Factor
of Niobium and Copper Cavities at RT
(Resistivity by RF measurement)
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Comparison of surface resistance (R,) between an NC cavity and an SC cavity

Surface Resistance

® NC cavity:

1
® Conductivity/Resistivity o=—
Jo,
. L
® DCresistance R=p—
S
® Skin depth o) 2
In dep = |[— _ )
OUC p= 4nx10-7

® RF surface resistance W U 1
RS — —
20
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𝝻 =  4𝝿 x10-7
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® SC cavity:

The surface resistance (R.) of an SC cavity is expressed by the sum of a temperature-

dependent term (BCS resistance, R;.) and a temperature-independent term
(Residual surface resistance, R._), as follows:

Surface Resistance

res

10'6: 1 T T T L LA S S N S
F ¢

Ry = Rpes (ry T R,

Surface Resistance [€2]
S
%

2
) A | o
RBCS =A—eXp S [ ' ™

T k B T 10792 03 0. 0. 06 0.7

1T [1/K]
Rges : BCS resistance Temperature dependence
R... : Residual surface resistance of surface resistance:
kg : Boltzmann constant Rs = RB cs (T) + Rres

A: Gap energy of Cooper pair
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Normal-conducting Cavity ; f=1.3GHz, G=270
Cu (20°c) ; o=0.58 x 108 [1/02m]

Surface Resistance

® Surface resistance; R [()]
| R.=9.4mQ (5=1.8um)
/0) H
R. = = (@),
S o0 o8 [ Q=G/R;=29x10*

Superconducting Cavity ;

f=1.3GHz, G=270 (2
Rs=17n€2 (i,= 44nm)

® Surface resistance; R [ (]

R. =R + R
S BCS (T) res Q=G/Rg=1.6X1010

2
0, A .
_ R.~.: BCS resistance
Ry = A——exp (— —j BCs

T kB T ll':’,ef :BResidual surface resistance
g . Boltzmann constant
A: Gap energy of Cooper pair
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Superconducting RF (SRF) Cavity

Cu sample

TR A

Al sample
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m Material properties of Nb and Cu

Experimental set-up of RRR measurements

[CEETIRTE Cryostat

Lig.-He
Transfer tube

Temperature

monitor Lig.-He Dewar

Current

source Temperature

sensor
Voltage
meter

PC
(Lab-view)

Copper sample
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m Material properties of Nb and Cu

Ohm’slaw: }J/ =] - R

Wiedemann-Franz’s law : L : Lorenz constant = 2.45x10°% W/K?
,0 K Thermal resistivity

W :
— K : Thermal conductivity

WT ofT p : Electrical resistivity

o

T

o

: Electrical conductivity

] : Temperature
KoCO=— : constant = 6.8x10%
o, [ : constant =0.53
1
Copper at low temperature (LT): K =
aT’*+B/(RRR-T)
£ (300K)

Residual Resistance Ratio: RRR =
p(LT)
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Electrical Conductivity

K [1@m)]

—\

‘ Electrical conductivity of copper ‘

CuRRR:
- 5|

— 10
- = 20
— 50

100
150
—300
—2500}|

/_\ 100

‘ Thermal conductivity of copper ‘

Cu RRR:
-= 5

Cu ==

— 50

—150
=300
—500

3X1072 o I‘”1_0 ' ' o II:IWOQ l Tl[K]'500 202 ‘l”10 ‘ . o ‘“.100- . ‘ T[k] ‘500
Electrical conductivity Thermal conductivity
—— CuRRRID 10 Cu (100)
10° 4 — St.Steel - C
- "g 5102_ U (10) Nb
— -l(—j x
i Cu (100) ER
=z C =10 4
= Q =
Cumoy S° SUs —amm
E 10 4 — St.Steel
— —— Nb RRR380
SUS g Yy
]Oﬁ T I_ ]0_1 T T T T T T T T T T
100 200 300

100 200

— T T T 1
400-|—[K]500

— T
400 T[K]500
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"m Material properties of Aluminum

Thermal conductivity of

6N Al 5N Al
RRR (as growth) 2,700 1,200 hlgh purltv Alumlnum
RRR (annealed) | 9,000-13.000 (12,000} | 2,600 10° e e ;
&
5
4
LHe. LN, le: racovery 3
Vacun Chambar I 2
— Al olock, Value 1U. ]
{resiatance}
") :
~ 1L = 4 !
G ot tn, Trormmster e S 5 ‘=.
range [ %
® 2 .‘
Support %
':I}“P-‘L Valwe 3 y
~ T 1 Sanple Cryostat 10 ._ -.
gl- === RRR12500 (Calculation) 2
I-I.Iaa'_ar tonske Thermonetar 5 # Sampled (Annealed in Sumitoma) .'
Freratire gridient o S00L ratary st wmmm Fitting Curve for Sampled (Below 30K)
- . 3 ® Sample3 (Annealed in KEK, 500°C, 1h)
. ! me Fitging Curve for Sample3
A1 clanp
Radiation Snisld |_|:| 0 © | cotroller . ; :
10 T 3 A4S T3 A SHT z
1 10
Experlmental set-up TIK]

for thermal conductivity
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m Material properties of Niobium

RRR : Residual Resistance Ratio

Thermal conductivity of Nb; (k) (300K)
. 107 ‘ " RRR = P
< -1 asreceived RRR=228 ] Jo (92K)
= 2  CEBAF welded p~1e-5 torr RRR=198 B
| e ~ v

roauction we eat treate: = °

> B e | K:Thermal Conductivity of Nb
— 10'} 5 RRR= 596, 816 . K (42k)~ RRR/4
P 4.2 // ] -
= - :
5[ 200W/mK = [W/m K]
S g RRR= 228, 198, 158 H, ench i Quench field
O o
g H — 4 K (T'c B THe)
& quech R
- _— d defect

10° 10 | 102

Temperature (K) (a: defect size, R .. resistance of defect)

High purity & High thermal conductivity = Increase of quench field
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m Material properties of Niobium

Material certification of Nb: (Mill sheet)

No. 26378

0 DENKAI CO., LTID.

O~

H

Starting Ingot Lot No. NC-1830

Rmrk(

RRER Value of Sheet: 208
Crain size ASTM #6

EUIYETUL p— i
Buas - Date Bff HEpi25tFEiH40 :EE ERESSH
Material #HE Article &8 Quantity |mchanica1 properties ) it
Ho Disc it T.8 ¥.5 Elongation| Hardness
. o5 §|ME ﬂ.tl‘ HTE AafeE
Specification Ho. fik- 2 2= E,_. N /men’ N /mm” % Hv
i : 95 =
Lot No. Size <t mm aE ;‘;" T 120 L 2
Longitudingl| |/ "\
- |
4378 2 Bt X 258 ¢ —56 58 pes 1‘R:Sm " 162 7 56 o :
il 51 54
| |
Element Chemical Composition (in Wti) {ERE S
— B = Th W T3 Fe s Mo M X b
o Hk | max Q.15 002 0,005 0.005 0005 0.005 0,005 0,01
Tast \
Results 0.0115 <0.001 <0.00 <0.001 <0.001 <0.001 <0.001 0,001 balance
[ ] [ ] [ ]
T Ta | W Chemical Composition
Element Chemical Compositiomn (in Wti) (LSRR Sy
s 5 N 1 c [ |
spec | min | 1 I
| ks | max 0.015 .01 0.002 0.01 1 O N H C Ta 1
= =+ + =+ =+ =+
‘7:,5,\ wonr | oot | woms | o | RRR 5800 2273 16322 8911 604690 1249

Purity, Thermal property

RRR = 298

E.V.=Erichsen Value

T.S5.=Tensile Strength Y.S5.=Y¥ield Strength

[by H. Umezawa

Inspection Section

Manage

Engine

uuuuuuuuuuuuuuuuuuuuuuuu

(Tokyo Denkai)]
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m Material properti

RRR measurement system

es of Niobium

Residual Resistance Ratio

RRR

0(300K)

p(9.2K)

Cuz# /L% - y
0 (300K) = 2x105 Q cm 0(9.2K) = 1x107 Q cm RRR =200
0 (300K) = 2x10> Q cm 0 (9.2K) = 6x108 Q) cm RRR =330
107, | 200
g 10°° e—J § Nb Normal-cgnducting
C:‘,} C} Tc=9.2K State . .
< 10° E 100 v oo | 2-times melting
= 3 = . .o ® 13-times melting
3 |
10°8le__| | | | | | 00 3 0 75
0 100 200 300
Temperature [K] Temperature [K]
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m Material properties of Niobium

Constant Current:

Averaging: 10 times
+100 mA /-100 mA

v pa—"

f—)\—\ 2

Vs, \3
50
40
= | 15~35 nV
'E' .._. . .._.. M ...
o o oo . % o .
E’ ‘_O.‘. ® o 00 ‘.ﬁ:"‘.‘o"‘.’ {'
S Samplesize |3 ¥ v .3 *?
CuZ# L% . > .
L= m !
20 40 60 80 10
W = m N
t = m Background noise level
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Examples

Examples of experimental results of RRR measurements

i3 Delta_RvsT-nag 2014002271 Front Pand j .

File Edit View Project Qperate Iools Window Help
(] [1n] [ 18pt Appiication Font |~ || S |[a~ |[ir

Excll

«code -

b

source
% GPIBO::15::INSTR =

Delta Mode Params In

................. Meas Units Cycle (sec) Total Time
| High Level (A) |100.000m [volts CET | 05:05 flaslomi E u S a m p e
| Low Level (A)  |-100.000m i, 4 284.3200 Time [ Data i
M il ut (msees) L e -
Delay (s) 0.100 s e st ) R (Ohm) SR ] 14:05:01
j it Count || 100000 REFHE (mm) [ ’70 n 2007112106 I - 1 OO l | IA
INum Cycles Mode [Finite 10 Meas o]+ | 4.475594E-4 Q -
| e Timeout? i B =
Compliance? @ ~pPia (i p (Ohm - cm) Volt(V) 5
Cold Swithing —— o5 . o — = —-—
e Ertied” Executon Time (secs) sgwee @) | 1.398623E-5 | 4.475594E-5 § = 0. 88
‘Zﬂ.ﬁ:ﬂ o 2' 5‘ m
o2
2182/2182A Delta Mode Meas Params = DE\[&,RVST—NEQEZS - 20140922.vi Front Panel
------ T — Rovs Temp, Fle EAt View Project Operate Tools Window Help
Range 4.48E-5- [1n] [ 18pt Application Font |~ |3 e~ [~ |

| Auto Range? [¥| |10mv

o e
|Enable Digital Filter Type Filter CountVindow (%) 4.48E-5-

Filter? Moving | 10 0.01 Lakeshore 2185 Resource

J status  code .

| E 4.48E-5-] % GPIBO::15:INSTR ) -
| Enable Analog 5 & B
Filter? ) IR
| 3
| g 448E
| NPLCs 1 % Delta Mode Params In
4.4E-5- L] Meas Units Cycle (sec) Total Time
Filter Params In -4 L]
0l High Level (A)  |100.000m Volts e Temperature (K)
| Filter Enabled? ¥/ 448E-5+ | |30 =
| | Low Level (A)  |-100.000m Y, 283.8500 Time { Data
— Romoot Meas Timeout (msecs) - .

: . Delay (s) o100 o L R (Ohm) Temperature (k) 2 |53

Finite Count | 100000 EERFE (mm) 4 Ll 12017/12/06
N b |\um Cycles Modernte |20 Heas ' | 6.379561E-5 0.0000
sample i M
Compliance? L] "" Eis min) p (Ohm - cm) Volt(V)
| Cold Swithing B L Lt L ; i =
Mode Enabled? Execution Time (secs) ] 1.59489E-6 | 6.379561E-6

| DlmeEmden W1 EmEssa ST (mm)
| =100 mA
2182/2182A Delta Mode Meas Params

Man / Selectad R vs Temp. Resistance (0hm) [}

(V = 44.76 pV)

Filter Type Filter CountWindow (%)

| -1 ‘ =2
|Enable Digital

Filter? Moving | 10 0.01 Temperature

| Enable Analog
Filter?

| NPLCs 1
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m Experimental set-up: DC measurement

T
+ 4 R

B

Measuring instruments : current source x 2
digital volt-meter x 2, vernier caliper x 2
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Exercise (1)

Please measure and calculate following parameters at RT;

Cu sample at RT

Nb sample at RT

Al sample at RT

| = A | = A | = A
V= Vv V= Vv V= Vv
R= Q R= Q R= Q
L = m L= m L= m
= m = m = m

t = m t= m t= m

= m? = m?2 = m?2
p= Qm p= Qm p= Qm
Frequency = 1300 MHz Frequency = 1300 MHz Frequency = 1300 MHz
Rs = (@) Rs = Q Rs = Q
G =270 Q G =270 Q G =270 Q
Q = Q = Q =

Eiji Kako (KEK, Japan)
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Please calculate the RRR value of Nb sample from the results of
following temperature dependence of the resistivity;

Exercise (2)

R-T (4.2K - 310K) R-T (4.2K - 18K)
1.80E-05 1.00E-07
at 9.3 K R
1.60E-05 _ d
p=6.07x101°0Om ¢
1.40E-05 800508 l f
o
— 1.20E-05 <+ = PV 4
:E I E 6.00E-08 4"
& 1.00E-05 <> =}
z o | z
£ 8.00E-06 & i 2 .
g 2 4.00E-08
& 6.00E-06 ¢ at 300 K 3
=1.47x107 Om TS
4.00E-06 P 2.00E-08
2.00E-06
0‘)
0.00E+00 000E+00 L (hoogetene
0 50 100 150 200 250 300 350 0 5 10 15 20
Temperature [K] Temperature [K]

RRR =

ASSCA2022 at Korea University,

Eiji Kako (KEK, Japan) 2023 February 13-18




RF measurement of NC cavity

Experimental set-up of RF measurements

" =" Network analyzer
Niobium cavity

Electrical calibrator

input antenna

Variable

Input coupler Transmitted

ntenn
antenna )

Input antenna Transmitted antenna
ASSCA2022 at Korea University, wlg
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RF measurement of NC cavity

® Cavity stored energy
Reference = -0 dB W. = ﬂj ‘ﬁr dVv = ﬁ} ‘Ez
p P 2 2

ext
n > Wi >
P(—— 521 ® Cavity RF loss
ref — _ —

s \e/ P,=P,~P,~P,
|:f;'"°1 Plot | :SMulTix Dala ® |oaded Q 1 1 1 1
511\\”1/,' “ 5 "

ﬁi‘f QL QO Qin Qext
. .
: L ® Coupling constant
5 | - \ plNg
,_/é.l ~] (over/under coupling) * 1-|—\/ /
T T | ] ref
J., TSR FITN OV A Pmef"'o

® (, is measured by bandwidth of -3dB. Pref =10"° - m [W]‘

ASSCA2022 at Korea University,
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® Input coupling IBin — IB* .(1+18ext)

® Monitor coupling ﬂext — Pext/PO

® Unloaded Q of cavity QO = QL (1+ ,Bl-n + ,Bext)

® External Q (calibration) Qext = PO -QO /Pex,

RF measurement of NC cavity

® Accelerating gradient NR/1O
Eacc — \V })O QO — Z \/})ext Qext

L

cavity

14 H .

® Geometrical factor G [W]: I ‘ﬁ ? qv ® Quality factor Qy:
G = o, 1y — Q _ Wy WS _ G

—|2 0 - I
J| ] as P, Ry
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Examples

Examples of experimental results of RF measurements

Resize

1 Active Ch/Trace 2 Response 3 Stimulus 4 Mkr/Analysis 5 Instr State

902 GHz -13.
00000 kHz
GHz

GHZ

GHz

IFBW 1 kHz

276791767 GHz

Nb cavity

Frequency = 1276.8 MHz
Loaded Q =4779.
Variable input coupling

ext

Span 500 kHz

Marker Search
.

Peak

Target

Multi Peak

Multi Target

Tracking
OFF

| Loaded Q =12209.

— P .:

Cu cavity
Frequency = 1295.1 MHz

P, :

n

Fixed input coupling Pres: Si

-0dB
dB
ext dB

5063A Netwark Analyze

Search Range
OFF

1 Active Ch/Trace 2 Response 3 Stimulus 4 Mie/Analysis 5 Instr State Resize

2 dB/div

Bandwidth
oN

Bandwidth Value
-3dB

Notch
OFF

Notch Value
-3dB

1 Log Mag
1 Log Mag

Auto Scale

Auto Scale All

—
Divisions
10

Scale/Div
2 dB/div

Reference Position

Return

5 Div

Reference Value
-36 dB

Marker ->
Reference

Electrical Delay |

Phase Offset
0o

Return

IFBW 1 kHz Span 200 kHz

1 Center 1.295125 GHz

112017-12-08 08:22
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“ Experimental set-up: RF measurement

Measuring instruments : network analyzer x 2
electrical calibrator x 2
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Please measure and calculate following parameters;

Exercise (3)

Cu cavity Nb cavity

Frequency = MHz Frequency = MHz

Loaded Q, = Loaded Q, =

Pes:Syy=  dB Pes:S;y=  dB \P St ‘
Pyt 1551 = dB P..:S,1 = dB ref =10 -F, [W]
QO = QO = Sor

Qin= Qin= ‘ eXt =101 - ” [W:I
Qext = Qext =

B = Pin =

Z=91. P, ,=10W Z=91. P,=10W

Eacc = V/m Eacc = V/m

G=270Q G=270Q

R, = Q R, = Q

p: Q m p= Q m

Eiji Kako (KEK, Japan)
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Exercise (4)

Please compare following parameters measured by DC and RF;

Frequency = 1300 MHz

G =270 Q
Copper Niobium
DC: DC:
QO= Q0=
RS= Q RS= Q
10= Q m p: Q m
RF RF
Q0= Q0=
RS= Q RS= Q
pP= Qm p= Am
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m Superconducting RF (SRF) Cavity

Thank you for your efforts.
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“ Superconducting RF (SRF) Cavity
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