VNIVERSITAT
DGVALENCIA

xE]

7 MINISTERIO ]
(P DE CIENCIA, INNOVACION

N
I’ Y UNIVERSIDADES ( s l (

INSTITUT DE FISI
CORPUSCULAR N/

RF mushroom cavity design for High
Temperature Superconductor (HTS) material test

P. Martinez-Reviriego?, J. Golm3, W. Wuensch?, D. Esperante!-?, B. Gimenol,
C. Blanch?!, M. Boronat®: N. Fuster-Martinez!, D. Gonzalez-Iglesias?,
P. Martin-Lunal, E. Martinez?!, L. Pedrazat, J. Reinal,
A. Menendez! and J. Fuster?!

1 Instituto de Fisica Corpuscular (IFIC), CSIC-University of Valencia, Parque Cientifico, C/ Catedratico José Beltran, 2 46980 Paterna (Valencia)
2 Electronics Engineering Department, University of Valéncia, 46100 Burjassot, Spain

3 CERN, 01631 Meyrin, Switzerland

HIGHEST COLLABORATION
INSTITUTO DE FISICA CORPUSCULAR (IFIC), VALENCIA, SPAIN AIT NA !



SLAC cavity

Input port

A4

TE5,0-like mode in
a “semispherical”
cavity

Test samples under high
magnetic fields:
o High-Gradient material

=7

o High temperature
superconductor

Test properties:
o No Electric field

Sample o High Magnetic field

0 15 3in}

o No electric current on
the edge

f = 11.3995 GHz

0 15 3 (in)



SLAC cavity

] TE3,0-like mode in
a “semispherical”

cavity

Test samples under high
magnetic fields:
o High-Gradient material

o High temperature
superconductor

Test properties:
o No Electric field

o High Magnetic field

o No electric current on
the edge

a 1.5 3(in)

f = 11.3995 GHz

0 15 3 (in)



Solution approaches

Challenge:
o Radius = 0.95in ~ 24 mm
HTS sample radius = 10 mm
o Same set up -> Same RF frequency

Solutions:

d Design a new cavity using
dielectric.

HTS 21, = 20 mm

v

L Next higher order mode with
SLAC cavity using dielectric.

A

HTS 275 |20 mm

L
0 20 40 (mm)

AL, 04

[
ul 1 2 (in)

E Field [V/Im]

Max: _1.040E+09

1.1E+09
9.9E+08
8.8E+08
7.7E+08
6.6E+08
55E+08
4 4E+08
3.3E+08

2.2E+08
. 1.1E+08
0.0E+00

Min:  0.000E+00

F| [ =11.0397 GHz

C
0 20 40 (mm)

E Field [V/m]
Max: 9.037E+08
9 10E+08
8.19E+08
7.28E+408
B 37TE+08
5A6E+08
4 55E+08
3 B4E+08
2 7T3E+08
1.82E+08
9.10E+07
0.00E+00
Min: 7 557E-12

f =11.632 GHz




Resonant cavity: analytical study

- A

TE5,o-like mode in a “semispherical” cavity P . H = H,7 + Hg0
TE,ﬁ = 0 (axial symmetry) R .
|E| E=Eyd
. d LY (x): Legendre polynomial
E¢(r, ) = EO]n(kmnr)EL(r)z(COS 6) n(¥):Leg POTY
Jn(r): spherical Bessel function
Wy = CKpn =C (Tm—n)
e mn R Ty;nn: N-th zero of the m-th
spherical Bessel function
, G
) = J57)a@
— 1Dicosh) 1.0 — Jo
0.024 L2(cos6) —
— LD{cosB) 0.8 1 — Jz
0.01 T L%(cos6) os ]
[; 3[— —-0.01 1 .
Ey = Eoj2 (k3or)L5' (cos 6) ~0.021 0.0
Zeros of j,(x) ~0.03 1 2]




Dielectric resonant cavity

E Field [V/m]

) ¢ % J2(kq2T) B f = 14.3557 GHz f = 11.3996 GHz

2.1E+08
1.8E+08
1.5E+08

iz 0.37*R
22 0.215°R =
A3p 0.208*R
Ao 0.207*R

:C(Tan

(‘)m,n

3

0.3 — Jalkax) X B

—— ja(kax) H Field [A/m]

Max  1.044E+06

l 1.1E+06
9.9E+05
0.2 8 8E+05

71.7E+05

6.6E+05
55E+05
44E+05
0.1 3.3E+05

2.2E+05
B o
0.0E+00

Min: 1.022E+00

fix)

0.0

_'0‘.1 -

[

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 i
$




Dielectric resonant cavity

Surface magnetic field along AD

E, X jo(k3a1) - Field normalization: W = 1 J in the full cavity

f = 11.3995 GHz

—_— S5LAC
—— dielectric

IH| (kA/m)

Ey X jo(k4pT)

f = 11.3996 GHz

1 1 I 1
0 o 10 15 20
distance {mm)




Dielectric resonant cavity

Tolerance study

11.42 -
Ey o jy(k3,1)
11.41 -
f = 11.3995 GHz
11.40 -
2
9
f " 11.39 -
11.38 -
Ey X jo(k4pT)
11.37 -
8.76 8.78 8.80 8.82 8.84
rg [mm]

f = 11.3996 GHz

df GHz kHz
—— = —482 [—] = —482 |—
dry m um

How is the cavity tuned?




Dielectric resonant cavity

Volume Loss D...

[WimA3]

Max. 1.049E+12
1.050E+12

. 9 450E+11
8 505E+11
7 560E+11
B.B15E+11
5 BT0E+11

b araseen
3 780E+11
2 835E+11
1.890E+11

. 9 450E+10
0 000E+00

Min. -9.766E04

Pd=

2

1
w tan § €y€, jIEIZdV

Qo

Surface Loss ...
f = 11.3996 GHz ws | LOG Scale

- Max: 1.62BE+09

1628E+09

. 6481E+08

2.580E+08

1.027E+08

4.089E+07

1628E+07

W (I)W - 6.481E+0B

Q _ _ 2.580E+06

0 — - 1.027E+06

P PC + Pd . 4.089E+05

1.628E+05

Min: 1 628BE+05
70000 -
60000 A
50000 -
40000
30000 -~
20000 ~
T T Tl T T
1078 1077 1078 107° 1074

tan &

] 1 2(in)



Dielectric resonant cavity

Copper 50021 Copper 72659
External port 111069 tand = 10~° Dielectric 256309
External port 331331
Qo = 50021 = 0.45 — Undercoupled —
Qoxe = 111069 B ' P Qo B 56611 f = 0.17 — Heavily
Qext = 331331 undercoupled
Phase:Ddegl

Can we tune
the coupling?

,3 _ P;xt _ QO
d Qext
1-p
Sll -

10




Dielectric resonant cavity

E Field [V/m] =

e |E| Dielectricry = 7.25 mm

9.10E+08
8.19E+08
7.28E+08
6 37E+08
5 46E+08

4 55E+08
- 3 B4E+08
2.73E+08
1.82E+08
. 9.10E+07
0.00E+00

Min: -7.557E-12

f = 11.632 GHz

Surface magnetic field along AD

- Field normalization: W = 1 J in the full cavity

— SLAC
200 - —— dielectric

Zl _
) o 150 -

1 rieia |[Armj

Max 9.706E+06 R
9.750E+06 H
. 8.775E+06
7 BOOE+06
6.825E+06
5 B50E+06
4 BT5E+06

3.900E+06
2.925E+08

1.950E+06
. 9.750E+05
0.000E+00

Min: 2 570E+00

100

IH| (kA/m)

30 1

I
0 5 10 15 20
R L, distance (mm)

N




Dielectric resonant cavity

E¢ 0(jz(k4_2r) f = 11.632 GHz

New
Without dielectric Copper 80275
=10-5 Dielectric 120480
E, o« jy(ksr)  f=11.3995GHz tano =10
External port 97731
Copper 50021 {Qeit==4§7177361 B = 0.49 — Undercoupled
External port 111069

Previous f =11.3996 GH:z

{ Qo =50021 5 _ 4 45, Undercoupled _ Materal | Q@

Qexe = 111069 Copper 72659
tand = 107> Dielectric 256309
External port 331331

{ Qo = 56611 B = 0.17 - Heavily
Qext = 331331 undercoupled

12






Dielectric resonant cavity

Anisotropic behaviour:
o Sapphire (crytalline form of Al,03) has anisotropic behaviour in €,- and tan 6
€, llc=11.5at10% — 10° Hz, tan 6 |l ¢ = 8.6 X 107> at 101° Hz and 252C

€, L c=93at10%3 —10°Hz,tand L ¢ =3 x 107> at 10 Hz and 25°C

https://rayotek.com/PDF/Sapphire-Properties-Data-Sheet.pdf

o Amorphous alumina is isotropic.

€, =9.6—10,tand = 107* - 107>

https://thermalsupport.com/wp-content/uploads/2018/06/Sapphal%C2%AE-U-High-purity-99.9-Translucent-Alumina.pdf
https://www.industrial-ceramicparts.com/sale-13785342-high-purity-99-9-aluminum-oxide-ceramics-260mpa-tensile-strength.html

14


https://rayotek.com/PDF/Sapphire-Properties-Data-Sheet.pdf
https://thermalsupport.com/wp-content/uploads/2018/06/Sapphal%C2%AE-U-High-purity-99.9-Translucent-Alumina.pdf
https://www.industrial-ceramicparts.com/sale-13785342-high-purity-99-9-aluminum-oxide-ceramics-260mpa-tensile-strength.html

Solution |

(rm_”) Eg o j,(k3aT) Ao Ao must be the same to
VEr keep frequency constant

Wmn = €

)

R

/112 0'46*R E Field [V/m]

Max__1.040E+09
A O 2 * 11E+09
22 . 7 R . 9.9E+08

8 8E+08

7.7E+08
A 0.27*R
32 ° 5 5E+08
44E+08
3.3E+08

f=11.0397GHz; r=7mm R=40mm M.

Min: 0.000E+00

e = 10 mm

N

» -

(
0 20 7 40 (mm)
3.2E+06
24E+06

1 BE+06
l 8.0E+05
0.0E+00

Min:  8.990E+00

/"‘Y

!
0 20 40 (mm)

(
0 20 40 (mm)



olution |

f=11.0397GHz r=7mm R =40mm f =11.128 GHz r=9mm R =40mm

E Field [VIm] E Field [V/Im]
Max._1.040E+09 Max._ 1.713E+09
1.1E+09 1.750E+09
l 9.9E+08 . 1.575E+09
8.8E+08 1.400E+09
17E+08 1.225E+09
6.6E+08 1.050E+09 =
S5E308 8.750E+08 |E|
ASE00 7.000E+08
SAEH8 5 250E+08

2.2E+08
l 1.1E+08
0.0E+00

Min: 0.000E+00

3.500E+08
. 1.750E+08
0.000E+00

Min:  0.000E+00

!

;
>
g | '{”"’
A7 0 20 40 (mm) - :
- 6.4E+06 — > 0 20 40 (mm)
5 6E+06 . 1 76E+07
4 BE+06 1 54E+07
4.0E+08 1326407
3.0E+06 1.10E+07
24EL00 8.80E+06 L,
1 BE+06 6 .60E+06 | H |
. 8.0E+05 4 40E+08
305200 . 2.20E+06
Min_8.990E+00 0.00E+00
Min_1.062E+01

t
x‘,”*v | ~}’....v 16

0 20 40 (mm) X

0 20 40 (mm)



Resonant cavity

f = 10.8501 GHz TE320'|ike mode in
~ a “semispherical”
|H| o~ cavity

[
0 30 60 (mm)

17



Dielectric resonant cavity
(%)

fix)

E Field [V/im]

Max 2.930E+08

3.0E+08
. 2.7E+08
24E+08

2.1E+08
1.8E+08
1.5E+08
1.2E+08
9.0E+07

6.0E+07
. 3.0E+07
0.0E+00

Min: -5.263E-12

Wy = Ep o ja(kyp1)
Az 0.37*R
- 0.215*R
A3z 0.208*R
Ay 0.207*R
0.3 — Jalkax)
— Jalkax)
0.2 -
0.1-
0.0 -
_0.1 .
0.0 0.2 0.4 0.6 0.8 1.0

t
(e
J Py
X

H Field [A/m]

Max  1.044E+06

1.1E+06
. 9.9E+05
8.8E+05
71.7E+05
6.6E+05
5.5E+05

4 4E+05
3.3E+05

2.2E+05
B o
0.0E+00

Min: 1.022E+00

No dielectric
f = 14.3557 GHz

i
0 15 3 (in)

Dielectricry = 7.25 mm

f = 11.632 GHz

C
0 1 2 (in)



Dielectric resonant cavity

Wmn = C (T:an)

A
A 0.46*R Ag = - Ao must be the same to
12 : JVér
keep frequency constant
A2z 0.27*R
Az 0.27*R

Reduce 2nd and 3rd lambda
with dielectric

Reduce first lambda with dielectric

[
0 30 60 (mm)




Dielectric resonant cavity |

_ _ E Field [V/m]

f = 110397 GHZ r = 7 mm R — 4‘0 mm Max_1.040E+09
1.1E+09

. 9.9E+408
8.8E+08
7.7E+08
B.6E+08
5.5E+08
44E+08
33E+08

2.2E+08
l 1.1E+08
0.0E+00

Min:  0.000E+00

TE3,,-like mode in
a “semispherical”
cavity

Z
A
o
X

c
0 20 40 (mm)

H Field [A/m]
Max. 7.965E+06

8.0E+06
. 7.2E+06
64E+06
56E+06
4 BE+06
4 0E+06

3.2E+06
24E+06

1 BE+06
. 8.0E+05
0.0E+00

Min:  8.990E+00

20

C
0 20 40 (mm)



Dielectric resonant cavity |

— — Max: 1.713E+09 =

f =11.128 GHz r=9mm R =40mm o |E|
. 1.575E+09

1.400E+08
1.225E+08
1.050E+09
8.750E+08
7.000E+08
5.250E+08

3.500E+08
. 1.750E+08
0.000E+00

Min: 0.000E+00

TE3,-like mode in
a “semispherical”
cavity

I_,’,*"v

X

H Field [A/m]
Max: 2.106E+07

2.20E+07
. 1.98E+07
1.76E+07
1.54E+07
1.32E+07
1.10E+07

8.80E+06
6.60E+06

4.40E+06
l 2.20E+06
0.00E+00

Min: 1.062E+01

21

C
0 20 40 (mm)



Dielectric resonant cavity |

R

= 45 mm r =9 mm f =9.81 GHz

H Fiel

Id [A/m]

Max

6.636E+06

_> .

6.70E+06
6.03E+06
5.36E+06
4 69E+06
4.02E+06
3.35E+06
2.68E+06
2.01E+06
1.34E+06
6.70E+05
0.00E+00

H

1.325E+01

q

X

z
t
>

P~

E Field [V/m]

Max:

8.685E+08

8.70E+08
7.83E+08
6.95E+08
6.09E+08
5.22E+08
4.35E+08
3.48E+08
2B61E+08
1.74E+08
8.70E+07
0.00E+00

Min: _0.000E+00

0 20 40 (mm)

R = 40 mm

H Field [A/m]

Max. 7.965E+06

8.0E+06
. 7.2E+06
64E+06

56E+06
4 BE+06
4 0E+06
3.2E+06
24E+06

1 BE+06
. 8.0E+05
0.0E+00

Min:  8.990E+00

}, ”"‘Y

E Field [V/m]

Max._1.040E+09

1.1E+09
. 9.9E+08
8.8E+08

7.7E+08
6.6E+08
55E+08
4 4E+08
3.3E+08

2.2E+08
. 1.1E+08
0.0E+00

Min: 0.000E+00

P

i

r=7mm f =11.0397 GHz

22

0 20 40 (mm)



Dielectric resonant cavity |

= 45 mm f =9.81GHz f = 12.056 GHz

H Field [A/m] H Field [A/m]
T = 9 m m Max 6 636E+06 Max. 2.670E+07
6.70E+06 S 70E+07
. 6.03E+06 . 243E+07
5.36E+06 2 16E+07
4 69E+06 1.89E+07
4.026+06 182E+07
3.35E+06 1.36E+07
2 68E+06 1.08E+07
2.01E+06 8.10E+06
1 34E+06 5 40E+06
— . B70E+09 . 2705405
0.00E+00 0.00E+00
H Min: 1.325E+01 Min: 9.113E+00
z z
: !
b Ph
T 5 E Field [V/m]
E Field [V/m] Max_ 2 240E+09
Max: 8685E+08 2.250E+09
8.70E+08 . 2.025E+09
. 7.83E+08 1 800E+09
6.95E+08 1 575E+09
6.09E+08 1.350E+09
5.22E+08 1.125E+09
4.35E+08 9 000E+08
348E+08 6.750E+08
2B1E+08 4 500E+08
1.74E+08 . 2.250E+08
l 8.70E+07 0.000E+00
0.00E+00 Min: 0.000E+00
Min_0.000E+00

. !
4 >
4 ) o
Sh | : : 23
X - 0 20 40 (mm)

0 20 40 (mm)



f = 6.26137 GHz

Dielectric resonant cavity |

TE5,0-like mode in
a “semispherical”
cavity

)

7;1}
i
A

5
5

)
\

_a%
\ -7
,. 74 4

%
Ol

-

\VAVAY-~"

N

i

@

oo

VA
AY

X

2

24




Dielectric resonant cavity ||

f = 6.8949 GHz

TE320—|ike mode in
a “semispherical”

AL, 0, cavity

vacuum

25

i
0 25 50 (mm)



Dielectric resonant cavity

< (3)

wm,n
Ep = Eqjp(kqar)L5(cos 6) f = 13.6795 GHz
Ao 0.37*R
Ass 0.215*R
Asr 0.208*R
Ay 0.207*R
0.3 — Jalk3x)
— Jalkax)
0.2 1
= 0.1
0.0 1
-0.1 [
0 25 50 ( 0 25 50 {mm)

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 26



