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HIE-ISOLDE Nb/Cu Quarter-wave Resonator
L4He (4.5K)

conduction 
cooling

Nb coated

E-fieldλ/4
75cm

beam axis
• Nb film (DC-bias sputtering)
• Common vacuum

• Conduction cooling through Copper
 Interesting cool down dynamics

f0 MHz 101.28
Eacc MV/m 6
Bpeak mT 58
Q0 4.7 x 108
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Typical cool down processes

Long thermal cycle

Short thermal cycle
Tc=9.5K
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Rs strongly depends on the thermal gradient ΔT
● ΔT (Tc=9.5K) = 300 mK
■ ΔT (Tc=9.5K) = 45 mK

ΔT

Short thermal cycle
 Uniform cool down
 Better performance 7



Both Q0 and Q-slope depend on ΔT

8

Rs0 + Rs1 Eacc

Rs0

Low-Field slope component࢙ࡾ૚ ∝ ઢࢀ

Low-Field surface resistance࢙ࡾ૙ ∝ ઢࢀ
Correlation factor 95%

The linear fit is valid up to 
Bpeak/Bc=0.15

௖ܤ) = 200	݉ܶ)

Come to my poster THPB047



ΔT effect at low RF field

Possible	hypotheses
i) An additional term is addedܴ௦ ܶ; Δܶ = ܴ஻஼ௌ ܶ + ࢝ࢋ࢔ࡾ ;ࢀ ઢࢀ +	ܴ௥௘௦(Δܶ)

 Not easy to reproduce exp	(−Δ/ܶ) (quasi-particles’ thermal excitation)

ii) Modified BCS term [in Tayler expansion ܴ′஻஼ௌ ܶ; Δܶ ∝ Δܶ × ܴ஻஼ௌ(ܶ)]ܴ௦ ܶ; Δܶ = ࡿ࡯࡮′ࡾ ;ࢀ ઢࢀ +	ܴ௥௘௦(Δܶ)
iii) Some of the BCS material parameters are affected by ΔTܴ௦ ܶ; ܶ߂ = ܴ஻஼ௌ[ܶ; ࢞ ࢀࢤ ] + ܴ௥௘௦(ܶ߂)

ΔT=476 mK

ΔT0 mKܴ௥௘௦(Δܶ)
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• The	residual	component	is	bigger	
• The	T-slope	is	steeper

Come to my poster THPB046



Decrease coupling Δ 0/kBTc

Δ 0/kBTc = 1.62

Δ 0/kBTc = 1.25

ΔT=476 mK

ΔT0 mK

0.77xΔ 0/kBTc (ΔT=0) can reproduce the degraded Rs (T) by thermal gradient
 Gap reduction by a supercurrent produced by ΔT?
 A current comparable to Jc is required 

ܴ ௦ܶ;Δ
ܶ−ܴ

௥௘௦(Δܶ
)
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Experiments by A. Romanenko
explained by T. Kubo (TTC2015)
More efficient flux expulsion by 

bigger ΔT

Bulk Nb: TRs Δ∝ /1

Rs ∝ ΔTOur Nb/Cu:

11A possible interpretation is trapped flux produced by thermoelectric effect

Comparison with bulk Nb cavities

OPPOSITE! 
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Estimated B-field produced by ΔT
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Rs0 vs Hext (constant ΔT) Rs0 vs ΔT (constant Hext)

Hext vs ΔT
3 mT/K

0.021 nΩ/μT 63 nΩ/K

Pinning force 
stronger than 
bulk Nb

Linearity at
Hext >> 100 μT
is not guaranteed Can we produce such a huge 

field by thermoelectric effect?



Thermoelectric current in bi-metal structure 1/2
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Nb Cu

T1

T2

Equivalent circuit
= ladder of small circuits

ଶ௠ܫ
Ri

RNb/2m RCu/2m

VNb/2m VCu/2m

Ri ௜ܫ

݊ = 2௠ + 1 bridges

discretized

Nb Cu

T1

T2

݉ → ∞ RNb/2m RCu/2m

RNb/2m RCu/2m

VNb/2m VCu/2m

VNb/2m VCu/2m

SNb(T1-T2)

Seebeck
voltage

SCu(T1-T2)

Seebeck
voltage



Thermoelectric current in bi-metal structure 2/2
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VNb/2 VCu/2

RNb/2 RCu/2ܫଵ
Ri

RNb/2 RCu/2ܫ௜ = 0
VNb/2 VCu/2

݊ = 1 bridgeNo bridge

VNb VCu

RNb RCu

଴ܫ
଴ܫ = ேܸ௕ − ஼ܸ௨ܴே௕ + ܴ஼௨ ଵܫ = ேܸ௕2 − ஼ܸ௨2ܴே௕2 + ܴ஼௨2 = ૙ࡵ

ଶ௠ܫ
Ri

RNb/2m RCu/2m

VNb/2m VCu/2m

Ri ௜ܫ = 0

݊ = 2௠ + 1 bridges

RNb/2m RCu/2m

RNb/2m RCu/2m

VNb/2m VCu/2m

VNb/2m VCu/2m

௡ܫ = ேܸ௕2௠ − ஼ܸ௨2௠ܴே௕2௠ + ܴ஼௨2௠ = ૙ࡵ



Thermoelectric current in bi-metal structure 2/2
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VNb/2 VCu/2

RNb/2 RCu/2ܫଵ
Ri

RNb/2 RCu/2ܫ௜ = 0
VNb/2 VCu/2

݊ = 1 bridgeNo bridge

VNb VCu

RNb RCu

଴ܫ
଴ܫ = ேܸ௕ − ஼ܸ௨ܴே௕ + ܴ஼௨ ଵܫ = ேܸ௕2 − ஼ܸ௨2ܴே௕2 + ܴ஼௨2 = ૙ࡵ

ଶ௠ܫ
Ri

RNb/2m RCu/2m

VNb/2m VCu/2m

Ri ௜ܫ = 0

݊ = 2௠ + 1 bridges

RNb/2m RCu/2m

RNb/2m RCu/2m

VNb/2m VCu/2m

VNb/2m VCu/2m

௡ܫ = ேܸ௕2௠ − ஼ܸ௨2௠ܴே௕2௠ + ܴ஼௨2௠ = ૙ࡵ

Symmetry breaking (tuning plate, welding, beam-port, 
azimuthally homogeneous T-distribution, …)
 short-cut, turbulence, …



Magnetic field produced 
& measured
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Nb Cu

T1

T2

࡮ z
x

Measurement by  
fluxgate sensors 

was done

•Bx (radial)
•Bz (axial)
•By (azimuthal)

y

Bartington
Fluxgate sensor

φ6
B

55K
48K

20K

Outside

Small
Biot-Savart law

Inside
Confined 
toroidal field

ே௕ܤ = රߨ଴4ߤ Ԧே௕ܫ݀ܫ × ᇱݎ′ݎ ଷܤ஼௨ = රߨ଴4ߤ Ԧ஼௨ܫ݀ܫ × ᇱݎ′ݎ ଷܫԦே௕~ − Ԧ஼௨ܫ
Most of the magnetic field is 
cancelled outside the cavity

࡮

Still no direct evidence 
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Seamless cavity (see Silvia’s talk WEYA03)
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Welded cavity Seamless cavity

Inner part

outer
part

welding

Machined from 
a bulk Cu billetmodification

Different cool 
down dynamics 
was expected!!



Cool down & thermal gradient

22

weldedseamless

Tc

• Cool down process was optimized 
• Slow cool down above Tc in order to 

make the cavity temperature 
uniform

• Similar method to both welded and 
seamless cavities

• The thermal gradient 
achieved was 1 order of 
magnitude better than 
welded cavity!

• Thanks to better thermal 
conductance without the weld

weldedseamless



Sensitivity to ΔT
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welded

seamless

No ΔT dependence was observed in the seamless cavity!

seamless

welded



Sensitivity to Hext

welded
Rs0/Hext = 0.02 [nΩ/μT]

welded
Rs1/Hext = 0.007 [nΩMV-1m/μT]

seamless
Rs0/Hext = 0.11 [nΩ/μT]

seamless
Rs1/Hext = 0.05 [nΩMV-1m/μT]

Seamless cavity is 1 order of magnitude more sensitive 
to the external magnetic field

24
• In any case much more insensitive than 

bulk Nb O(1) [nΩ/μT]



Contents

• HIE-ISOLDE Nb/Cu cavity
• Cool down dynamics and thermal gradient 
• Study on thermoelectric current
• Cool down dynamics of the seamless cavity
• Summary

25



Summary
• The original design of the HIE-ISOLDE Nb/Cu cavity is 

very sensitive to the cool down process, which affects 
Q0, Q-slope, and T-slope (Come to my poster THPB046)

• Contrary to bulk Nb, uniform cool down is more 
preferable (Come to my poster THPB047)

• Thermal gradient corresponds to a very strong external 
magnetic field

• Magnetic field probably produced by a thermoelectric 
current in bi-metal structure was observed but 
quantitative study has not yet done

• The seamless cavity has very good thermal 
conductivity, and is also not affected by the thermal 
gradient at all (See Silvia’s talk WEYA03)

• These experimental facts may help us to theoretically 
understand the effect of cool down dynamics in Nb/Cu 26
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