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The concept of funnel




The concept of funnel (Ludovico De Santis’s
master thesis)

* Energy resolution of a “normal” BULLKID

op < 1AV
e All the volume collects phonons:

V = Vpn = Vkip
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The concept of funnel (Ludovico De Santis’s
master thesis)

* Goal of funnel: increasing V/,;, without
increasing (excessively) Vi p

* How to do that: surrounding KID with
“passive” material (no current)

* The result: (Possible) energy resolution
improvement
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Arrays layout

Two KIDs tested
I
]
]
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i
| | Phase responsivities and
- ___ //W | / ~ resolution compared (at
; | | different power)
KID-FUNNEL: - KID-NO_FUNNEL:
funnels resonator only




Arrays layout

Funnels made of Al

KID-FUNNEL KID-NO_FUNNEL

"~

Capacitive coupling
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Meander and feed-
line made of AITiAl

Substrate made of Si




Measures and results




Resonance Circle: KID-FUNNEL
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Resonance Circle: KID-NO_FUNNEL
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Optical Calibration: phase responsivity

* Photons release energy on KIDs

Phase variation of transfer function —» Pulses

KID-FUNNEL
KID-NO_FUNNEL

Time [ms]

dp
dE

CZSd) ((1), T)Q
NOVKIDA%)

n

n <« Vph/Vsub

n = Energy to QP conversion efficiency

Li
l;lc'+'l;£7

fraction of kinetic inductance

Ao = Superconducting gap
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Optical Calibration

* Three optical fibers shoot photons against
substrate (opposite side of resonators)

Fiber 13 (F13)

KID-FUNNEL KID-NO_FUNNEL

]
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Optical Calibration (F13-High power)

KID-FUNNEL

Channel 1

44  Calibration Constant = (0.321 + 0.018) keV/mrad
responsivity = (3.12 £ 0.18) mrad/keV I
Noise s0 eV = (212 + 12) eV

photon_wavelength = (400 + 8) nm
Reduced y>=0.764

Variance [mrad?]
[\
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13
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e fitted data
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Channel 2
0.5] Calibration Constant = (0.974 + 0.068) keV/mrad .
responsivity = (1.027 £+ 0.072) mrad/keV I fitted data
Noise s0 eV = (339 + 24) eV = absolute cal
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Reduced y’=1.24
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Mean [mrad]

= (1.07 £ 0.07) mrad/keV

dE 13

<d¢>NO_FUNNEL

oo 15 NEE = (339 +24) eV
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Central fiber

F13

KID-FUNNEL

dE

(@)FUNNEL
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KID-NO_FUNNEL

=292 +0.25

Responsivities ratios

Furthest fibers

F7
o

KID-FUNNEL KID-NO_FUNNEL

— i)

KID-FUNNEL

KID-NO_FUNNEL
(d_¢)FUNNEL
dE),
(d_¢)N0_FUNNEL =1354+0.31
dE ),

Closest fibers

m

KID-FUNNEL

KID-NO_FUNNEL

F7

KID-FUNNEL KID-NO_FUNNEL
dep\ FUNVEL
<E)11
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Temperature scan: MB theory

With Mattis-Bardeen theory, « and Ay, measured from relative resonance frequency shift

in temperature T Afffo vs T
P O e e S
MM _ 2, (1) Rero D .
fo(T) — 272777 A(A,T) | .
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—0.0015

o — —A/kpT

Ongp =\ 2mkpTe™/ e o000 .

e KID-1 (funnel)
« S =14+ [ 2A, 6_%3(?]] [hfo(T) _ooo2s] @ KID-2 (only resonator) o
2 = 0

nkgT 2kgT ! ' ' '
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Temperature [mK]
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Temperature scan: MB fit
T. = 815 mKmeasured 2 Ay = 1.7kgT, = 0.12 meV

P150_#mK_-15dBm_770-880 PIXEL #N 1

I | P150_#mK_-15dBm_770-880 PIXEL #N 2
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I
a [%] 6.28 + 0.88 16.57 + 0.33 : a [%] 8.30 + 0.52 12.99 + 0.12
Ay [meV] 0.100 £+ 0.002 ~ 0.12 meV I Ay [meV] 0.110 £+ 0.002 ~ 0.12 meV
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SONNET simulation: KID-NO_FUNNEL

* Experimental Q., f, and a reproduced.

R Il

,,,,,,,,,,
e Most accurate simulation
folL,20\’
a — 1 I -10 V
fO |Lk=0 |
SONNET EXPERIMENT ::
fo [MHZ] 1033.08 1031.96 o010k
Qc 19k 23k - M = ¢
a [%] 14.53 6.22-16.57 1033.081

333333333333333333333333333333333333333333333333
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SONNET (preliminary) simulation: KID-FUNNEL

* L, = 1.4 pH/sq (AITiAl)
L, = 0.33 pH/sq (Al)

e Medium-fast simulation

2
(fOlLk?‘:O)
a=1-—
fOlLk=O

SONNET EXPERIMENT

fo [MHz] 1000.55 984.97
Qc 20k 11k
a [%] 11.87 8.30-12.99
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Next steps




SONNET simulation: Increasing Q.

* Increasing Q. ~ 50 — 75k (more narrow resonances)

Q vs central position x (g = 60.0 um, y = 245.0 um, d = 17.5 um)
160 A
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SONNET simulation: 75k Q resonator

* Preliminary results (simulation still running)

KID-FUNNEL KID-NO_FUNNEL




Conclusions and perspectives

KID-FUNNEL observed to have larger

o What we saw:
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Measurable and promising effects of
funnels
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Thanks for the attention
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Summary

Brief introduction to the concept of
funnel and description of tested KIDs

.

KIDs characterization and analysis P | | 2t 88

‘,V. g »
o My - ons,

s g & 1
SRESE

(Preliminary) further simulation studies

Conclusions
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The concept of funnel (Ludovico De Santis’s
master thesis)

* Many outcomes arise if increasing
arbitrarily V,,:

1. Meisner effect: the sensitive volume does
not increase with the thickness

2. Power output: larger power implies less
KIDs on feed-line

3. Geometricinductance (L, « V): v

multiplexing is limited
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Energy resolution with funnels (Ludovico
De Santis’s master thesis)

Single KID energy resolution \ Ay < Total superconducting (SC)

O X — [— volume
Contact area between n \ a

resonator and substrate

\ y v AV
ph ph —_
— o —— o —— --------> O-EOC Vsub
N =MNgeollph At Nph Ve Nph Vphnph \ a
~—

Phonon absorption

. Total substrate area
efficiency

* V=Von =Vsyup — 0 X 1/+/V (no funnel)

* V# Vo = o X/ Vkip/Vpn (funnel)
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Figure Of Merit FOM (Ludovico De Santis’s
master thesis)

* Ratio between the energy resolution of KIDs with and without funnels

"USUf:\l" phc_)n.on to QP | Geometric contribution (contact
conversion efficiencies ratlo\‘ area with funnels over total area)
unnel
nst  nby A AL |a, V x)

FOM = n ilid

b
/ 7Iabs,s a Snph Ac A \ a VCS@
Phonon absorption \ Sensor volume

QP absorption efficiency
(= 1 without funnels)

efficiencies ratio

* Deeper studies for AlITiAl feed-line and Al funnels parameters currently carried out
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P150: VNA scan
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CalibratedPhase [dBc/Hz]

CalibratedPhase®CalibratedPhase [%]

Noise power spectrum - Low power (-21 dBm)
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Noise power spectrum - Medium power (-16,-9 dBm)
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Noise power spectrum - High power (-6,-3 dBm)
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F13 Calibration: Medium power

0.35— 2

0‘25;_ KID-1 mz_ <11
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Ln
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Optical Calibration

e C(Calibration based on Poisson statistics.
* Photons shotted against KIDs with different energies

* For each energy, pulses distribution described by
Gaussian m and o .

~
m b
Nyp =— = 0pp = /Nph X T Baseline resolution
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Optical Calibration (F13-Medium power)

KID-1 KID-2
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Optical Calibration (F7-High power)

Channel 2 — Channel 1
] Calibration Constant = (0.96 + 0.12) keV/mrad o fitted d Calibration Constant = (0.379 £ 0.039) keV/mrad . fitted d
0.4 1 responsivity = (1.04 £ 0.13) mrad/keV itted data ] responsivity = (2.64 + 0.27) mrad/keV itted data
N;‘ Noise s0 eV = (346 + 44) eV —— absolute_cal (\g 1 5: Noise s0 eV = (254 +27) eV —— absolute_cal
S 0.3 photon_wavelength = (400 + 8) nm S "1 photon_wavelength = (400 = 8) nm
i : Reduced y>=2.21 E 1 Reduced >=0.755
3t 3t ]
5 02] 5 ]
= 27 = ]
> I >
0.1 I 0.5
'2 _ PSP TR N O A ‘(_‘n _ 0 5
< Q < Q
= 2 0.05 I I s g }-
< g =T S IO ST SN SN SIS SRR, AT S
RS S R ShELEETEE 1---; ------------- TG Pkt st St SRR B o
& 005 i I 22
0 10 20 30 40 50 0 20 40 60 80 100
Mean [mrad] Mean [mrad]

FUNNEL NO_FUNNEL
do d¢
— = (1.04 + 0.13) mrad/keV IE = (2.64 £ 0.27) mrad/keV
7

op7 " VEL = (346 +44) eV ooy "NVEL = (254 +27) eV
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Optical Calibration (F11-High power)

KID-FUNNEL RS KID-NO_FUNNEL

Channel 1 G Channel 2

| Calibration Constant = (1.3 £ 0.25) keV/mrad
0.2 responsivity = (0.77 + 0.15) mrad/keV
| Noise s0 eV = (432 + 83) eV

Calibration Constant = (0.2287 + 0.0049) keV/mrad
e fitted data

34 responsivity = (4.372 + 0.093) mrad/keV

* fitted data

= absolute cal = absolute cal

5 Noise_s0_eV = (151.3 £ 4.1) eV <

: 257 photon_wavelength = (400 & 8) nm g photon_wavelength = (400 + 8) nm
= 53 Reduced $=2.99 i 0.1 5: Reduced 3>=0.632

(] o .

Q 3 ]

g 15 =

g =

s

1 <
> =0l
0.5

—0.5

Residuals
[mradz]
[«
[«) Wi
_A_A_I_A_A_A_A_'_A_A_A_A_I_
1
"’
1
1
ol
e+
I-O-I
—o—i
[}
—
1
1
)
1
1
1
—to—i
1
1
:

1
Residuals
[mrad2

oo
oS X
_A.A.A_LA.A.A.'.A.A.A_LA.A.A_L
1
»
1
1
1
——j
1
1
—f—i
1
1
1
I—0—|I
1
1
o
1
1
I:—o—|
1
1
1
1
1
——
1
1
——
1
1
—e—t
|
1
1
|-|—o—|
1

Mean [mrad] Mean [mrad]

dE 11 dE 11

FUNNEL NO_FUNNEL
do d¢
- = (4.37 + 0.09) mrad/keV = (0.77 £ 0.15) mrad/keV

ofYNNEL = (151.3 + 4.1) eV ofYNNEL = (432 + 83) eV

15/01/2025




Optical Calibration (F13-Medium power)

F13

Channel 1 i Channel 2

51 Calibration Constant = (0.314 + 0.014) keV/mrad o fited dat 0.4 Callbrat_lolu C_o:tgt;l;;z(; ';:56; 0'(:51? 5eV/mIad
responsivity = (3.19 = 0.14) mrad/keV ted data responsivity = (0. ) fradike

0.35] Noise s0_eV = (451 =24)eV

s fitted data

& Noise_s0_eV = (399 + 18) eV — absolute cal “g — absolute_cal
T 4 photon_ wavelength = (400 = 8) nm - E photon wavelength = (400 = 8) nm
E Reduced 1’0298 & 03] Reduced y’=0.561
QL
(] Q
% ’ g 025
-5 g
s =S 021
0.157
T T e T 0041
=% 02 I E g 002 _I I_
T Rl e ik st S f--i---b-t- - FA or-m------ e I ot -t
o =02 o T0.021
0 50 100 150 200 250 300 0 10 20 30 40 50 60 70 80
Mean [mrad] Mean [mrad]

FUNNEL NO_FUNNEL

do d¢

- = (3.19 + 0.14) mrad/keV E = (0.87 £ 0.04) mrad/keV
13 13

ol YNNEL = (399 £ 18) eV oo 15 NEE = (451 +24) eV
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Optical Calibration (F7-Medium power)

Calibration Constant = (0.35 + 0.023) keV/mrad Calibration Constant = (0.99 + 0.053) keV/mrad
responsivity = (2.9 + 0.19) mrad’keV - responsivity = (1 + 0.054) mrad/keV
Noise s0 eV = (4.5:10> + 30) eV : " Noise_s0_eV = (3.9:10% £ 22) eV '

Reduced 5°=0.83 ' Reduced 3°=0.18

i

PR i * o
: ] g 025
E 2 il E 0.2
) " B
2% 02 i ] 1 ERT 1 }l
fgelaclapl g, L e
& E—uz ! -I I- I }-{ KID-1 KID-2 éi—a.az | {1 | } { ——
0 so 10 150 0 20 40 60
Mean [mrad] Mean [mrad]
d¢ FUNNEL d¢ NO_FUNNEL
— = (2.90 £+ 0.19) mrad/keV — = (1.00 £+ 0.05) mrad/keV
dE dE
13 13
ol YNNEL = (450 £ 30) eV oo 15 NEE = (390 +22)eV
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Optical Calibration (F11-Medium power)

KID-1

Calibration Constant = (0.23 + 0.011) keV/mrad
responsivity = (4.3 + 0.2) mrad/keV
Noise s0_eV =(2.9:10% + 14) eV

Reduced y’=1.5

E 4
.g ; IIF7
|
= O 1.
F13
f———r—r |
ER { -
g8 0 .---I----I ------ -{---1- KID-1 KID-2
e
!'I_! lIZI}D ZEI}D 360

FUNNEL Mean [mrad]

PR
Q| X
SIES

\—/
=
w

GEUNNEL = (290 + 14) eV

= (4.30 £+ 0.20) mrad/keV

NO_FUNNEL

d¢
(a2

KID-2

Calibration Constant = (2.1 + 0.16) keV/mrad
I responsivity = (0.48 + 0.037) mrad’keV rri
" Noise_s0_eV = (8.3-10° + 65) eV
£ Reduced ¥*=0.76
0.22 1 1
0.2

0.18
0.16

Variance [

Residuals
[m:adz]
o 8

|
(=]
o
[

EREREE

0 20 40 60

Mean [mrad|

= (0.48 + 0.04) mrad/keV

oo 15 NEE = (830 +65) eV

15/01/2025




Optical Calibration: medium power responsivities

I | l
1 F I
I | I
| | I
I ' I !
| 1| | KID-FUNNEL KID-NO_FUNNEL | KID-FUNNEL KID-NO_FUNNEL
I ® I | - |
l : | | : I I
KID-FUNNEL KID-NO_FUNNEL | : | -
I ! I I
I — L_-_-_- I g ! )
] KID-FUNNEL KID-NO_FUNNEL l " KID-FUNNEL KID-NO_FUNNEL
| |
dep\FUNNEL I dep\FUNNEL I do FUNNEL
dE),, ' dE/, | 4t/ = 4.30 + 0.31
do NO_FUNNEL — 3.67 £ 0.23 I do NO_FUNNEL 6.04 £ 0.61 I d¢o NO_FUNNEL — *5 7 — ™
i @ @
(dE>13 1 dEJ ' k),
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Temperature scan: Af /fy vs ng,

Linear trend observed

KID-1: Afffo VS S * 5ngplA KID-2: Af/fy Vs Sy + 6ngplh
| |
0.000 —i‘__‘ 0.0000 | gy e FixedA,=012eV |
N e e Fitted Ay = 0.11 eV
- —
NS ~0.0005 LIS -—- a=12.89% 1
—0.001 3. S NN —== o= 9.59%
\\N Sl ‘..\ '\.‘ =4, o
- el
% X S ~0.0010 Tl T
—0.002 N . RN N
";-,-_-':.G \‘x D ";-‘_{.O "\ ..
3 Yo . | 9 -0.0015 N
S S ]
—0.003 Seo N RS
LY My st
® Fixed Ap= 0.12 eV Y ~0.0020 I~ a
—0.004 4 ® Fitted Ay = 0.10 eV \\\ 'b.\“
-== a=16.32% Sao ~0.0025 N
—== a = B8.88% s, N
| | |
000 001 002 003 004 005 006 0.00 0.01 0.02 0.03 0.04
Sy Bngpllh Sy 6ngplA
. gMfTee ~ (888 +0.01) % « a®f7e %~ (9,59 4+ 0.01) %
o« gbfitted ~ (16,32 + 0.01)% o gfTitted ~ (12,894 0.01) %
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Temperature scan: KIDs comparison

Ratios of Af/fgvs T Difference of Af/ffa vs T

| | | | | | | l
1.0 —O—l e Ratio KID-2 /KID-1 | e Difference KID-2 - KID-1
0.0005
0.9
0.0004
[ ]
0.8 3
0 <
< ¢ 3
S o S 0.0003
5 0.7 @
o &
0.6 = 0.0002
L °
0.5 0.0001 o
[ ]
[ ] [ ]
(1]
0.4 - . °
T 0.0000 —o—T T
50 100 150 200 250 300 50 100 150 200 250 300

Temperature [mK] Temperature [mK]

* KID-2 has lower responsivity at every temperature (power fixed)
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SONNET simulation: results KID-2

SONNET simulation: Ludevico without funnel, @ = 0 SONNET simulation: Ludovico without funnel, L, = 1.40 pH/sq

Amplitude [dB]
a0 0904
Amplitude [dB]
&
o

0=17k ; 0=19k
fo [MHZ] = B f rMHZ'l _
1117.425 ; ; 1033.081 i

333333333333333333333333333333333333333333333333

11174 10331
Freq [GHz] Freq [GHz]

L;, = 0 (lossless) L, = 1.4 pH/sq
Q. = 17k Q. = 19k

fo = 1117.425 MHz fo ~ 1033.081MHz
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resonances

10N

imulat

SONNET s

KID-2

KID-1

EESE S S E S E S E S eSS e S et
E === ==== =5 == == ==|== ==|======-

=EI=Ei=Si=si=Si===si=si==i==i======-:
EESESE S E S E eSS S eSS s =

JXY Magnitude

[Amps/Meter
86882
79642
72402
65162
57921
50681
43441
36201
28961
21721
14480
7240.2
0.0010

Currents at resonances

<

68291.7
54633.3
40975.0
21316.7
13658.3
0.00195

|JXY Magnitude
|Amps/Meter
16395
1.502e5
1.366e5
1.229e5
1.093e5
95608.3
B81950.0

* No current in funnels (“passive” material)
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SONNET S|mulat|on current in funnels

JXYMagmtude
Amps{Meter
86882
D DT RO OO OO0 OO0 0RO RO OO OO R RO RO OO ROC OTOOTOHTOE TR IR AR
79642 IIIIIIII OO 00T III IIII ikl
I 0D AR QIO IR 1 000000
p—_— Il IIIIII IIIII IIIIIIII 000 OO0 00000l
MRy 0000000000000
"
AR O IIIII e D
65162 01000000 FD 00000090 0001000000000 D000 00 R0 00000000 0000000 90010009000 00000 HIQD AR 010 AR 11
R0 OO0 00O 0 A
00 9009000190000 V000001009000 9009000190000 V0 1900000000190 00 900000900 RO C9000 00 PD 90901000 O 9000900 OARD 90RO ARE 141
57921 L
b A T TN I T D e TS
000000000000 O R0 0
50681 00000 R0 0O V0 00RO PD 1900 OO0 R0 0000100411000 RD 100001000 00090090900 ARE 900901 IR
"
0000000000000 00000
i L R T ey BT TR T TR Y B T e EE
e
1000 VR0 V0 000 0900000000090 900900 VROO R0 90 0O R0 01019001000 O0000 R0 0000400 IRO QORI QT RIRI AR
36201 e e
O
A R0 0 00000 0 00 10000 8 0000 08 00 00 01 0
28961 IlallllllﬂIIIIIIEIIIllllﬁH!'llllIlHIIIIHIIIIIIElllllllaHIIIIIIHIIIIIIII%IHII'IIIElIII%IlIIIHllllﬁ!ﬂlllllﬁlllllal
R0 0000000102080 008 8000000000100 10
. 100D YO0 000 YO0 00000 TR0 001000 P YRPO VR0 1000 O A0 1000 RO 0000000 OD0 90090000 ERE YO RE I QO RIRY
A R 0 0 00O 0 0 00 0 000 8 00 0 0 0
0000000100000 R0 0RO OO IO 900 0000000100000 DR 0000000090 00 900001000 SI0 IO IR ORI
1
4480 I
I IIIIII IIIIIIII III 00000 RO
it
0
7240.2
0.0010

No current in funnels = Passive material (only collecting phonons)
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SONNET simulation:Q vs x

o Q vs central positionx(g=60.0um,y=245.0um,:t= 17.5 um) ° LOrentZIan dependence SlmU|ated
- BestFi
e Q-factor
140 === Q=75k Q
—= x(Q=75k) O'
values Qsoner = 74. — max X
. & SONNET values Q 74.38 k Q(Qmax; x’ O-x; x) — 5 —
n [Gx + (X _ X) ]
Sel| N * Best fit parameters:
o X
| |
| |
5 : = Q. = (213.37 + 0.94)k
j i
i | [ —
2 i | = x =(—119.97 £ 1.83)um
I
04 I I

~1500 1000 ~500 x[ﬂm] 500 1000 1500 " 0, = (44544 i 279).Um
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SONNET simulation: preliminary results
KID-FUNNEL KID-NOI_FUNNEL

T _j — —
|

0 =65k 7 ! Q=71k
005,557 ! Sy
* fo =1009.39 MHz * fo=1015.03 MHz
* Q. = 65k ¢ Q.= 71k
e a =77 (in progress) e a =77 (in progress)
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SONNET simulation:Q vs d

Q vs distance d (gap g = 60.0 um, x = 0.0 um, y = 245.0 um)
| ® Q-factor L

400

350

300

Q [k]

* () increases with distance d
250 from simulation.

200

150 ®

d [um]
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SONNET simulation:Q vs g

Qvsgapg(d=175um,y = 245.0 um)

200 | |
® Q-factoratx =-1000.0
® Q-factor atx = 1000.0
175 ® OQ-factoratx =-300.0 |
® Q-factoratx = 300.0
® Q-factoratx=0.0
0
150 l ® i i i
125 @ I ¢ @ L4 ?
. * (isIndependenton g.
~ 100
o
| o ) 0 v ’ ) o * Such effect independent on x
50
0 I S S S I ’
o o ¢ o o o o
0
20 30 40 50 60 70 80 90 100

g [um]
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SONNET simulation:Q vs y

Q vs distance y (gap g = 60.0 um, x = 0.0 um, d = 17.5 um)

|
® Q-factor °

140

135

130

125

* (@ increases with distance y
from simulation.

Q [kl

120

115

110 &

105

100 T
50 75 100 125 150 175 200 225 250
y [um]
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SONNET simulation:f, vs x

Q vs resonance frequency fy (g = 60.0 um, y = 245.0 um, d = 17.5um)

1.125 A

1.120

1.115

1.110

. * fo (slightly) depends on x
. from simulation.

fo [GHz]

1.105 o

1.100

1.095 e o

1.090
—1500 —1000 —-500 0 500 1000 1500
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SONNET simulation:f, vs d

Q vs distance d (gap g = 60.0 um, x = 0.0 um, y = 245.0 um)

1.15 ¢

1.14 o

1.13

* fo (slightly) increases with d
2 ° from simulation.

fo [GHz]

1.11

1.10

d [um]
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1.120

1.115

1.110

fo [GHz]

1.100

1.095

1.090

SONNET simulation:fy vs g

Resonance frequency fp vs gap g (d = 17.5 um, y = 245.0 um)

1.105

s
° L
L[]
[
[
[}
@ fyatx=-1000.0
B A s * £, (almost) Independent on
fo at x = 300.0 . .
o 7 atxe00 | . o g (for small variations)
L]
L]
o b
[[] o o
* 8
o ! 0 $
| ]
| b
: o
2I0 30 40 50 60 70 80 90 100
g [pm]
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SONNET simulation:fy vs y

Q vs distance d (gap g = 60.0 yum, x = 0.0 um, d = 17.5 um)

e f °
1.095 °
1.090
- . . . .
. * fo (slightly) increases with y
@ from simulation.
1.080
1.075 T
5|0 75 100 125 150 175 200 225 250
y [um]
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