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Mid-T Heat Treatments: High Q, in Low Field Environment
» Increased Sensitivity to Trapped Magnetic Flux S

mid-T heat treatments (~300 °C) to benefit from mid-T heat treatment:

> highest Q, of up to 5 - 101° at 2 K achieved at > minimize By,
FNAL, IHEP, KEK & DESY

» increased sensitivity to trapped magentic flux S
observed at FNAL, KEK & DESY

» consequently minimize increase of Rg by Ry,

DESY. | Impact of Mid-T Heat Treatments on the Sensitivity to Trapped Magnetic Flux | Jonas Christian Wolff | 04.10.2023 | Page 2



Mid-T Heat Treatments: High Q, in Low Field Environment
» Increased Sensitivity to Trapped Magnetic Flux S

mid-T heat treatments (~300 °C) to benefit from mid-T heat treatment:

> highest Q, of up to 5 - 101° at 2 K achieved at > minimize By,
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» consequently minimize increase of Rg by Ry,

separately study impact on B,,,, of: B: 10 uT QE performance
> cool down velocity > evaluate R
» spatial temperature gradient > approximate Ry,

by baseline curve (0 uT)

for assumed technical extrema
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» consequently minimize increase of Rg by Ry,

test series

1DEO3 fine grain

1DEQ9 fine grain
aft. mid-T

1DE26 large grain
aft. mid-T
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Spatial Dependency of Flux Expulsion Expected

» Magnetometric Mapping System used to Study Magnetic Flux Expulsion Behavior

system consists of:

23 sensor boards 1 thermocouple board
> 27 single axis sensors > [empa: upper iris
> arranged in groups of three > [eémp2: equator

> 9 sensor groups > [emp8: lower iris
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based on first magnetometric mapping approach
at HZB [B. Schmitz et al., F. Kramer et al.]
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Digitize Sensor Signals Inside of Cryostat
» Avoid High Number of Cable Feed Throughs Through Cryostat Lid

supply- & digital
signal lines
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PID Controlled Cool Down Velocity

» Ensure Test Comprehensive Consistent Conditions

1751 —-= Temp 2

15.01 =~
.
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[critical temperature T, "~.
7.5 1 S

temperature (K)

5.0 4 ~.

2.5+

0.0 A

(I) é 110 1|5 ZIO 2'5 3'0
time (min)
constant cool down velocity:
-5 K/h or -20 K/h
LHe level lowered below setup

pressure PID controlled reduced

equator thermocouple Temp'2
used as reference
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PID Controlled Spatial Temperature Gradient

» Suppress Stray Impact of a Changed Cool Down Velocity
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temperature gradient VT:
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PID Controlled Spatial Temperature Gradient

» Suppress Stray Impact of a Changed Cool Down Velocity

\

temperature gradient VT:

_|[Temp1 —Temp 3|
~ Al=225mm
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PID Controlled Spatial Temperature Gradient

» Suppress Stray Impact of a Changed Cool Down Velocity

- 169 .. _ === Temp 1 (T1)
N VT = 0 K/Al . Temp2(T)
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T comprehensive comparisons
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Compute Ideal Flux Expulsion Ratio B,./ B
» Obtain Fraction of Magnetic Flux Trapped

nc

Ckira Miyazaki: \

common approach: simulation of cavity in ideal high deviation between simulation and experimental data
Meissner state observed - likelely caused by a neglected partial flux
e TR T T T T S T S S S S S S S S N S shielding by cavity flanges
-3D CST model of DESY setup & « ¢ v ¢+« v =
ELae S T T T IR S S Aoebe 4 mlmmdemd | £ f ¢ O AW ] )
fW& T B o R % alternative experimental approach (Kensei Unemori):
8 B il # 1. cool down cavity (Meissner state)
R o 2 T T T (T T T A R 7 .
w x4 ¢ 4 S o B 5 o R 2. apply magnetic field by Helmholtz coll
e : : : : i : <R 3. measure B (ideal Meissner state)
R B 4. warm up cavity (normal conducting state)
S .0. v (—==—e—=—— + LSO IEE 5. measure B
ORI R SR [ B
RO T T T SR T S TN || Y 3 nc
N N A Y b [ ERYERGE SRR b NI i f £ & &
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E i T T T T TR SR SR S S R IR RN k4 W W
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L AR AR AR w2 R N s = KRR R B B » 2D magnetostatic solver Pandira (Poisson Superfish)
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» high resolution mesh
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Compute Ideal Flux Expulsion Ratio B,./ B

Model 1: Cavity in Normal Conducting (nc) State = obtain B,

Helmholtz coil

model 1: empty Helmholtz coil

Pandira model
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nc
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Compute Ideal Flux Expulsion Ratio B_. /B,
Model 2: Cavity (simplified) in Superconducting (scl) State = obtain B,

empty Helmholtz coil

cavity shape:
1.3 GHz TESLA Type
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Compute Ideal Flux Expulsion Ratio B_. /B,
Model 3: Cavity (detailed) in Superconducting (sc2) State = obtain B,

empty Helmholtz coil single cell cavity (simplified) model 3: single cell cavity (detailed)
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Compute Ideal Flux Expulsion Ratio B_. /B,
Model 3: Cavity (detailed) in Superconducting (sc2) State = obtain B,

empty Helmholtz coil single cell cavity (simplified) model 3: single cell cavity (detailed)
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Compute Ideal Flux Expulsion Ratio B_. /B,

» Extract B,,., B;.; and B, from Models for first 30 mm from Equator Surface

model 3: single cell cavity (detailed)

model 1: empty Helmholtz coil model 2: single cell cavity (simplified)
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Compute Ideal Flux Expulsion Ratio B_. /B,

> ExtractB.., B

nc’

model 2: single

cell cavity (simplified)
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sc1 and B, from Models for first 30 mm from Equator Surface
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Compute Ideal Flux Expulsion Ratio B,/ B,
» Visible Impact of Flux Shielding Effect by NbTi Flanges

—— simplified cavity model (model 2)
1.6 - —— detailed cavity model (model 3)

1.5 1

1.4 4

1.3 4

[Bsc / Bncl (1)

1.2 A

1.1~

1.01 dx: 1.6 mm; SF7 points: 1E4

0 5 10 15 20 25 30
distance to cavity surface (mm)

I\
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Compute Ideal Flux Expulsion Ratio B,/ B,

» High Resolution Mesh Crucial for Accurate Simulations

—— simplified cavity model (model 2) _

1.6 - ——— detailed cavity model (model 3) NN

1.5 1

1.4 4

1.3 4
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Compute Ideal Flux Expulsion Ratio B,/ B,

» High Resolution Mesh Crucial for Accurate Simulations

—— simplified cavity model (model 2) _

1.6 1 ——— detailed cavity model (model 3) NN
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Compute Ideal Flux Expulsion Ratio B,/ B,

» High Resolution Mesh Crucial for Accurate Simulations

—— simplified cavity model (model 2)
—— detailed cavity model (model 3)

1.6 1
1.5 1
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| dx: 1.0 mm
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1.2 A

1.1~

1.01 dx: 1.0 mm; SF7 points: 1E4
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Compute ldeal Flux Expulsion Ratio B../ B, .

» High Resolution Mesh Crucial for Accurate Simulations

—— simplified cavity model (model 2) mesh view of equator region

1.6 - —— detailed cavity model (model 3) \\

1.5
~ 1.4 :
) \ Vol
= '; dx: 1.6 mm o dx:1.0mm
m ‘ &
@ 1.3
o

1.2 CST mesh view of equator

region
1.1 1 "
1.01 dx: 1.0 mm; SF7 points: 1E4

------ 0 5 10 15 20 25 30

....... distance to cavity surface (mm)

» 3D CST mesh was chosen to coarse for accurate
simulations

» cross-check simulation results by experimental
approach
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—— simplified cavity model (model 2)
1.6 - —— detailed cavity model (model 3)
X z-axis of sensor group 5
154 X fluxgate magnetometer
[center of sensor group.5
= 1.4 prediction: 1.56
== measurement: 1.53
8]
i~
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Compute ldeal Flux Expulsion Ratio B../ B, .

» High Resolution Mesh Crucial for Accurate Simulations

Kexperimental approach (K. Unemori):

cool down cavity (Meissner state)

apply magnetic field by Helmholtz coil
measure B (ideal Meissner state)

warm up cavity (normal conducting state)
measure B,

agkrowpnpE

.

~

/

fluxgate mag. (Bartington Mag F Probe)

» center point distance to surface: 9.3 mm

» simulation & measurement identical:
B../B,. =151

z axis of equator sensor group (group 5)
mean value of all 23 boards

error bar: 20

simulation: B,/ B, = 1.56

YV VVY

measurement: B,/ B, = 1.53

.
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Compute ldeal Flux Expulsion Ratio B../ B, .

» High Resolution Mesh Crucial for Accurate Simulations

- F=== ENUPINSE Cavay mAns aTacs 2) /experimental approach (K. Unemori): N
. —— detailed cavity model (model 3) . .
NS¢ zailsof SARSEPGEIR S 1. cool down cavity (Meissner state)
i el X fluxgate magnetometer 2. apply magnetic field by Helmholtz coil
3. measure B, (ideal Meissner state)
v [center of sensor group.5 4. warm up cavity (normal conducting state)
e RCc ] prediction: 1.56
E measurement: 1.53 kS. measure Bnc /
‘i‘: 1.3
8 center of fluxgate magnetometer
o prediction: 1.51
1.2 measurement: 1.51 )
fluxgate mag. (Bartington Mag F Probe)
» center point distance to surface: 9.3 mm
Jeslét > simulation & measurement identical:
, B../B, =151
1.01 ; dx: 1.0 mm; SF7 points: 1E4

5 10 15 20 25 30
distance to cavity surface (mm)

z axis of equator sensor group (group 5)
mean value of all 23 boards
———————— error bar: 20

e simulation: B,/ B, = 1.56
_______ measurement: B,/ B, = 1.53 -
\ /
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Polar Plot of Equator Flux Expulsion Ratios

» Measured Expulsion Ratios as a Function of Card ldentifier

Group 5 (equator)
1DEO3 before mid-T ht: 25

O  -5K/h; 0 K/Al: 1.05 mean value of expulsion ratios
A -20 K/h; 0 K/Al: 1.06

N )

01 card identifier (01 — 47)
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Results: Impact of Cooldown Velocity on B../ B,

» (Likely) No Impact of Cool Down Velocity on Flux Expulsion Behavior

1DEO3 fine-grain material
mid-T heat treatment

1DEO3 before mid-T ht: 25
O -5 K/h; 0 K/Al: 1.05
A -20 K/h; 0 K/Al: 1.06

43I

13 37
01

-5 K/h; 0 K/Al: fraction of B (10 uT) trapped

-20 K/h; 0 K/Al: fraction of B (10 uT) trapped
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Results: Impact of Cooldown Velocity on B,. /B

» (Likely) No Impact of Cool Down Velocity on Flux Expulsion Behavior

1DEO3 fine-grain material
mid-T heat treatment

1DEO3 before mid-T ht: 25
O -5 K/h; 0 K/Al: 1.05
A -20 K/h; 0 K/Al: 1.06

43I

13 37
01

-5 K/h; 0 K/Al: -%

-20 K/h; 0 K/Al: - %

1DEOQ9 fine-grain material
after mid-T heat treatment

25 1DE09 after mid-T ht:
O -5K/h; 0 K/Al: 1.06
A -20 K/h; 0 K/Al: 1.08

4L

13 37

01

-5 K/h; 0 K/Al: 88 %

-20 K/h; 0 K/AL: 84 %
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Results: Impact of Cooldown Velocity on B../ B,

» (Likely) No Impact of Cool Down Velocity on Flux Expulsion Behavior

1DEO3 fine-grain material
mid-T heat treatment

1DEO3 before mid-T ht: 25
O -5 K/h; 0 K/Al: 1.05
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1DEOQ9 fine-grain material
after mid-T heat treatment

25 1DE09 after mid-T ht:
O -5K/h; 0 K/Al: 1.06
A -20 K/h; 0 K/Al: 1.08

4L

13 37

01

-5 K/h; 0 K/Al: 88 %

-20 K/h; 0 K/AL: 84 %

1DEZ26 large-grain material
mid-T heat treatment

1DE26 before mid-T ht: 25
O -5K/h; 0 K/Al: 1.17
A =20 K/h; 0 K/Al: 1.02

17

13 37
01

-5 K/h; 0 K/Al:

-20 K/h; 0 K/Al:
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Results: Impact of Heater Shutdown Procedure on B../ B,

» Contradictory to Flux Expulsion Results: Real VT Decreased after Mid-T Heat Treatment

before mid-T heat treatment after mid-T heat treatment
instant heater shutdown soft heater shutdown
16 1 Naa —== Temp 1 (T7) 161 e : —==- Temp 1 (Ty)
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.\,_\ s\ —_ T "'-.\'Ta~~ : T

— . —_ i -, "-..‘.
< 121 \‘\,\\s — lheat <12 ST, | — lheat
1= ™~ ., 1= "'-"Q"n. 1
2 10- T 2 10 e !
o T - e O |[emmmmmmmmmmm e —— *:.,—""I':-; ——————————————
& [critical temperature T ] ' & [critical temperature Tc] i
¥ 8 € T, —To|lr,= 0.99K ¥ 81 T =Ta|lr.= 071K
£ To—Ts|lr.= 1.1K. £ T2 =Ts|lr. = 0.82K
2 6 D < s 2 6- i
— .. — 1 N
o —— et N 9 :
E 4 E 4
g g

2 2 A

0 - ——————— 0 - s T

—-20 -15 -10 -5 5 10 =20 -15 -10 -5 10
time (min) time (min)
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Results: Impact of Heater Shutdown Procedureon B_,. /B

nc

» Contradictory to Flux Expulsion Results: Real VT Decreased after Mid-T Heat Treatment

before mid-T heat treatment
instant heater shutdown

167 -=- Temp 1 (T1)
" “4:':'*-.\\ —-= Temp 2 (T>)
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g 4

2 _

PID setpoint
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-20 -15 -10 -5 0 5 10
time (min)

current (A)

):
[e)]

f
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temperatu

after mid-T heat treatment
soft heater shutdown
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=)}
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=
s
1

=
N
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Results: Impact of Heater Shutdown Procedure on B../ B,

» Measured Temperature Lower Than Surface Temperature

hd

T1:13.69K
T2:10.5K
T3:9.68K
DT:4.01K 1‘ T

» thermocouples & holders exposed to helium gas
flow due to missing wind shields

» surface temperature 2 - 3 K higher than measured
temperature!
/
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Results: Impact of Heater Shutdown Procedure on B../ B,

» Cavity Partially Above T, — Instant Heater Shutdown Results in Lower VT

after mid-T heat treatment

before mid-T heat treatment
soft heater shutdown

instant heater shutdown

1DE26 b. mid-T ht; -20 K/h; 0 K/DI W e

T1:12.0K A 101 1101 %/ 03 T1:12.02 K

T2: 11.02 K T2: 11.37 K ﬁ

T3:12.03 K T3:12.1K <, 9&"2
DT:-0.07 K I Iiwlﬁm

DT:-0.03 K
!

1 1.03 I 1.031 102

identical behavior until heater shutdown (T, = 8.9 K)

" 4 ¥

soft heater shutdown: larger VT »

increased flux expulsion

instant heater shutdown: lower VT
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Results: Impact of Heater Shutdown Procedure on B../ B,

» Cavity Partially Above T, — Instant Heater Shutdown Results in Lower VT

before mid-T heat treatment (-5 K/h)
soft heater shutdown

before mid-T heat treatment (-20 K/h)
instant heater shutdown

1DE26 b. mid-T ht; -5 K/h; 0 K/DI
|

1DE26 b. mid-T ht; -20 K/h; 0 K/DI [N ¢
T1:12.0K RO 01 o1 % 19 es T 1242 K f f
T2:11.02 K T2:11.08 K t& }L
T3:12.03 K T3:12.13K XL
DT:-0.01K I I boo

DT:-0.03 K
!

identical behavior until heater shutdown (T, = 8.9 K)

" 4 ¥

soft heater shutdown: larger VT »

increased flux expulsion

instant heater shutdown: lower VT
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Results: Impact of Mid-T Heat Treatment on B_./ B,
» (Likely) No Impact of Mid-T Heat Treatment on Flux Expulsion Behavior

1DEO3 fine-grain material
mid-T heat treatment

1DEO3 before mid-T ht: 25
O -5 K/h; 0 K/Al: 1.05
A -20 K/h; 0 K/Al: 1.06

43I

13 37

01

-5 K/h; 0 K/Al: -%

-20 K/h; 0 K/AL: - %
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1DEOQ9 fine-grain material
after mid-T heat treatment

25 1DE09 after mid-T ht:
O -5K/h; 0 K/Al: 1.06
A -20 K/h; 0 K/Al: 1.08

4L

13 37

01

-5 K/h; 0 K/Al: 88 %

-20 K/h; 0 K/AL: 84 %

1DE26 large-grain material
& after mid-T heat treatment

1DE26 before mid-T ht: 25 1DE26 after mid-T ht:
O -5K/h; 0 K/Al: 1.17 O -5K/h; 0 K/Al: 1.17

A -20 K/h; O-K/Al: 1.02 A -20 K/h; 0 K/Al: 1.19

12 4L

-5 K/h; 0 K/Al: 68 %

-20 K/h; 0 K/Al: 64 %
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Results: Impact of Spatial Temperature Gradient on B_./ B,

» Large Impact of Spatial Temperature Gradient on Flux Expulsion Behavior

1DEO3 fine-grain material 1DEOQ9 fine-grain material 1DE26 large-grain material
mid-T heat treatment after mid-T heat treatment & after mid-T heat treatment

1DEO3 before mid-T ht: 25 25 1DE09 after mid-T ht: 1DE26 before mid-T ht: 25 1DE26 after mid-T ht:
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-20 K/h; 0 K/Al: - % -20 K/h; 0 K/Al: 84 % -20 K/h; 0 K/Al: 64 %
-20 K/h; 4 K/Al: - % -20 K/h; 4 K/Al: 58 % -20 K/h; 4 K/Al: 17 %
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Results: Impact of Spatial Temperature Gradient on B_./ B,

» Large Impact of Spatial Temperature Gradient on Flux Expulsion Behavior

1DEO3 fine-grain material
mid-T heat treatment
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1DE26 before mid-T ht:

1DE26 large-grain material
& after mid-T heat treatment
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Results: Impact of Mid-T Heat Treatment on S
» 1DEZ26: Five Times Larger Sensitivity to Trapped Magnetic Flux S after Mid-T Heat Treatment

1DEO3 fine g. fr. trapped

-5 K/h; 0 K/Al:

-5 K/h; 4 K/Al:

-20 K/h; 0 K/Al:
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-20 K/h; 4 K/Al: 58 %
1DEZ26 large g. fr. trapped fr. trapped
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-5 K/h; 4 K/Al: 16 %
-20 K/h; 0 K/Al: 64 %
-20 K/h; 4 K/Al: 17 %
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Results: Impact of Mid-T Heat Treatment on S
» 1DEZ26: Five Times Larger Sensitivity to Trapped Magnetic Flux S after Mid-T Heat Treatment

1DEO3 fine g.
-5 K/h; 0 K/Al:
-5 K/h; 4 K/Al:

-20 K/h; 0 K/Al:
-20 K/h; 4 K/Al:
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-20 K/h; 0 K/Al:
-20 K/h; 4 K/Al:

1DEZ26 large g.

-5 K/h; 0 K/Al:
-5 K/h; 4 K/Al:

-20 K/h; 0 K/Al:
-20 K/h; 4 K/Al:

fr. trapped

fr. trapped

fr. trapped
88 %
60 %
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obtain R

» record QE curve
> calculate R, = G/Q,
> interpolate R (4 MV /m)

approximate Ry«

> Rs = Rres + RBCS + Rflux
> Rs baseline — Rres + RBCS
> Rp=R,—R

s baseline
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Results: Impact of Mid-T Heat Treatment on S

» 1DEZ26: Five Times Larger Sensitivity to Trapped Magnetic Flux S after Mid-T Heat Treatment
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sensitivity to trapped
magnetic flux S [H. Ito et al.]:

S = Rflux/B

trap

S (NQ/uT)

(s (nQiuT)

———/

5 X

S (nQ/uT)
18.1
15.0
18.0
15.2

aft. mid-T

S (NQ/uT)
19.3
30.4
19.3
29.2
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Results: Impact of Mid-T Heat Treatment on S
» 1DEZ26: Five Times Larger Sensitivity to Trapped Magnetic Flux S after Mid-T Heat Treatment
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5X
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Take Home Messages

accurate simulations of ideal Meissner state possible:
» detailed simulation model
» high mesh resolution

flux expulsion behavior (for used conditions):

» no significant impact of cool down velocity
» large impact of spatial temperature gradient

mid-T heat treatment:

» no impact of mid-T heat treatment on flux expulsion behavior
» five times larger sensitivity to trapped magnetic flux after mid-T heat treatment
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