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Outline
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Measurement of Temperature and Magnetic Field

Four Cavities Fully 

Instrumented

45-deg tilted fluxgate sensor

Transverse fluxgate sensor 

measuring transverse field

Cernox sensor

Cernox sensorCernox sensor

Cernox sensor

Helium Inlet

Helium Return
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Cryomodule Cool Down – Initial Cool Down

Fast Cool Down 

from 45K

CAV4 Longitudinal B

CAV4 Transverse B

• Initial cool down

• 300K to 45K

• 5-7 K/hour

• Soak for 8 hours

• Fast cool down

• 45 K to 4.5K

• 10 K/min

• 35 psi inlet

• 40-80 g/s

_______Goal_______

Achieve >4 K top to bottom temperature 

difference at the beginning of transition
G. Wu et al | ALWC 2017
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Cryomodule Cool Down – Magnetic Field

Five fluxgate sensors outside of cavity read 

negligible fields throughout the cool down.G. Wu et al | ALWC 2017



Temperatures and Magnetic Fields During Fast Cool Down
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9.17 K

G. Wu et al | ALWC 2017



7

Temperature Gradient and B field at Cavities 

Cavity 

number

Top Bottom 

Temperature 

Difference [K]

Longitudinal 

B field [mG]

Transverse B 

field [mG]

1 4.1 1 5

4 4.3 1 7

5 6.8 2 8

8 5.1 1 1

TABLE I. Temperature difference and B field for four cavities when cavity 

bottom passed Tc during fast cool down 

Remnant field from other components cannot be 

measured other than at the sensor locations. 80 g/s

G. Wu et al | ALWC 2017
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Cavity Performance in Cryomodule

Cavity

Cryomodule 

Max Gradient* 

[MV/m]

VTS Max 

Gradient 

[MV/m]

Usable 

Gradient** 

[MV/m]

FE onset 

[MV/m]

Cryomodule

Q0 @16MV/m***     

Fast Cool Down

Q0

@16MV/m

at VTS

TB9AES021 21.2 23.0 18.2 14.6 2.6e10 3.1e10

TB9AES019 19.0 19.5 18.8 15.6 3.1e10 2.8e10

TB9AES026 19.8 21.5 19.8 19.8 3.6e10 2.6e10

TB9AES024 21.0 22.4 20.5 21.0 3.1e10 3.0e10

TB9AES028 14.9 28.4 14.2 13.9 2.6e10 2.6e10

TB9AES016 17.1 18.0 16.9 14.5 3.3e10 2.8e10

TB9AES022 20.0 21.2 19.4 12.7 3.3e10 2.8e10

TB9AES027 20.0 22.5 17.5 20.0 2.3e10 2.8e10

Average 19.1 18.2 16.5 3.0e10 2.8e10

Total Voltage 154.6 MV 148.1 MV

* Administrative limit 20 MV/m

**  Radiation <50 mR/h

*** TB9AES028 Q0 was at 14 MV/m

Unit test heat load (all cavities on) was 

consistent with the single cavity measurement

Acceptance = 128 MV

G. Wu et al | ALWC 2017
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Performance Comparison between VT and CM
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Average = 19.1 MV/m
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Performance Comparison between VT and CM

Average = 3e10

G. Wu et al | ALWC 2017
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Field Emission
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Arrays of radiation detectors along the 

CM and both ends.

Average Eacc@FE-onset >16 MV/m

Cavities all FE Free during Vertical Testing
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Slow Cool Down
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During transition, 

T on cells ≤0.08K,

T on end groups ≤0.18K 

Cool Down 

Rate ~3 K/hour

G. Wu et al | ALWC 2017



Static Thermal B Field
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45-deg B

CAV1 

transverse B

CAV5 

transverse B

CAV8 

transverse B

CAV4 

transverse B

Meissner 

Transition
CAV1 

Temperature

Static thermal magnetic field is trapped during 

superconducting transition
G. Wu et al | ALWC 2017
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Static Magnetic Field Resets at Room Temperature

Static magnetic fields were restored to near zero as 

Cryomodule warmed up

G. Wu et al | ALWC 2017



Dynamic Thermal Current vs. Static Thermal Current
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45-deg B

CAV1 

transverse B

CAV5 

transverse B

CAV8 

transverse B CAV4 

transverse B

Meissner 

Transition

CAV1 

Temperature

Transverse B

45-deg B

Dynamic B

Static B

Dynamic thermal magnetic fields disappears before 

superconducting transition
G. Wu et al | ALWC 2017
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Dynamic Thermal Current vs. Static Thermal Current

 Dynamic thermal magnetic field not harmful

 Induced from cavity and helium vessel thermal gradient 

during fast cool down

 Dissipates quickly as the cavity reaches equilibrium before 

superconducting transition and can be expelled during fast 

cool down

 Does not appear during slow cool down

× Static thermal magnetic field can be trapped if no flux 

expulsion

× Induced from various current loops in a cryomodule

× Requires fast cool down to achieve flux expulsion

× Proper heat treatment of niobium cavity material is a 

necessity. 

G. Wu et al | ALWC 2017
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Potential Sources of Static Thermal Current

Courtesy of R. Fischer, J. Kaluzny, T. Peterson.

Bi-metal 

transitions

Tuner motor

Magnet

Coupler

and HOM

G. Wu et al | ALWC 2017
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Potential Sources of Thermal Current

Courtesy of R. Fischer, J. Kaluzny, T. Peterson.
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Cavity Q0 Comparison

Cavity
Usable Gradient 

[MV/m]

Q0 @16MV/m*     

Fast Cool Down

Q0 @16MV/m*     

Slow Cool Down

TB9AES021 18.2 2.6E+10 1.8E+10

TB9AES019 18.8 3.1E+10 1.5E+10

TB9AES026 19.8 3.6E+10 3.3E+10

TB9AES024 20.5 3.1E+10 2.1E+10

TB9AES028 14.2 2.6E+10 1.9E+10

TB9AES016 16.9 3.3E+10 2.0E+10

TB9AES022 19.4 3.3E+10 2.1E+10

TB9AES027 17.5 2.3E+10 1.8E+10

Average 18.2 3.0E+10 2.1E+10

Total Voltage 148.1 MV

* TB9AES028 was at 14 MV/m

Slow cool down results the trapping of static thermal magnetic field

G. Wu et al | ALWC 2017
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3

Q0 under Different Cool Down Mass Flow

Mass Flow 80 g/s 47 g/s 25 g/s Slow Cool Down

Cavity  T(K)  T(K)  T(K)  T(K)

CAV1 4.1 3.3 2.6 ≤0.08

CAV4 4.9 4.7 4.4 ≤0.08

CAV5 7.0 7.1 7 ≤0.08

CAV8 5.6 5.6 2.89 ≤0.08

Average Q0 2.99e10 ~2.46e10 ~2.26e10 2.06e10

Temperature difference from top of the cavities and bottom of cavities

Fast cool down with sufficient mass flow can achieve effective flux expulsion

Linac cryogenic capacity 120 g/s

Sensors are at limited locations.

G. Wu et al | ALWC 2017

45-deg tilted fluxgate sensor

Transverse fluxgate sensor 

measuring transverse field

Cernox sensor

Cernox sensorCernox sensor

Cernox sensor

Helium Inlet

Helium Return
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Estimated Trapped Magnetic Field

G. Wu et al | ALWC 2017

Slow Cool Down Trapped 3.2 mG in average

Compared to the fastest 

cryomodule cool down
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5

Q0 under Different Cooldown Mass Flow

G. Wu et al | ALWC 2017
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Cryomodule Flow Scheme

Slide by T. PetersonG. Wu et al | ALWC 2017
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Cryomodule Flow Model

Fast Cool Down Flow Returns to 

GHRP

Fast Cool Down Flow bottom inletsG. Wu et al | ALWC 2017
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Cavity Q0 Degradation due to Quench

Cavity
Usable Gradient 

[MV/m]

Q0 @16MV/m*     

Fast Cool Down

Q0 @16MV/m*     

Slow Cool Down

Q0 @16MV/m*     

After Cavity Quench

TB9AES021 18.2 2.6E+10 1.8E+10

TB9AES019 18.8 3.1E+10 1.5E+10

TB9AES026 19.8 3.6E+10 3.3E+10

TB9AES024 20.5 3.1E+10 2.1E+10

TB9AES028 14.2 2.6E+10 1.9E+10

TB9AES016 16.9 3.3E+10 2.0E+10

TB9AES022 19.4 3.3E+10 2.1E+10

TB9AES027 17.5 2.3E+10 1.8E+10 1.6e10

Average 18.2 3.0E+10 2.1E+10

Total Voltage 148.1 MV

Static thermal magnetic field can be harmful during cavity quench

G. Wu et al | ALWC 2017



Summary

• Q0 performance maintained from vertical tests to cryomodule

- Fast cool down and flux expulsion demonstrated in a cryomodule

• Thermal current induced fields are present in cryomodule

- Dynamic field during fast cool down mostly disappears during superconducting 

transition and remaining field can be expelled

- Static field can be expelled during fast cool down

• Slow cool down avoids the dynamic thermal magnetic field, but cannot 

avoid the static thermal currents in current cryomodule design 

• Fast cool down is needed to ensure minimal magnetic field trapping

- Expel thermally induced field

- Expel any residual magnetic field by cryomodule components (Limited number of 

fluxgate sensors)

• Quench will degrade cavity Q0 in the presence of static thermal magnetic 

field

29G. Wu et al | ALWC 2017
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Extra Slides

G. Wu et al | ALWC 2017
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Coupler Heating Effect

• The FPC antenna moves into the cavity as the coupler warms up. 

• Pfor increased by 4%-7% for the same gradient.

• Two hours to stabilize.

G. Wu et al | ALWC 2017


