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Necessity of a sensitive Detector for Dark Matter Search
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Our DM Search Strategy with GJJ

Graphene-based super-light invisible Graphene-based Josephson junction
matter particle search microwave bolometer
J.C. Park etal., PHYSICAL REVIEW D 112, 015002 (2025) G.-H. Lee et al., Nature volume 586, pages42—46 (2020)

graphéne

Super-light DM interacting with m-bond electrons Expected E; s = 0.13 meV (32 GHz)
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Graphene's Advantages: Focus on Thermal Properties

PHYSICAL REVIEW APPLIED 8, 024022 (2017) r h N
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[PRX 3, 041008 (2013)]
» Shrinking density of state near the CNP - small C.-> Higher temperature rise
» weak thermal interaction by electron-phonon coupling (Ggp) 2 Low cooling power

.. Graphene is a highly promising material for thermal sensor

Nature Physics volume 9, pages248-252 (2013)
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https://www.nature.com/nphys

Graphene Josephson Junction

Josephson coupling Graphene Josephson Junction(GJJ) critical current Temp. Dep.
T 0.4
Superconductor A I T (K)
| 1.0 0.0 I
T 0.2 "= e
Non-SC [ S
] N <
LpB ‘! e oL Ir
Superconductor B | 35 2.8
l > E =
5 -
« DC Josephsonrelation: I, = I.sin¢ 7 02" R
0 0.8
« AC Josephson relation: d— = 2eV /h 04 | | T(K)

temperature of graphene.
P grap d</>/dT ~-0.5 pA/K

[ (pA {5 o
Normal reS|stance, b(u ) ,
________ * Switching current, </.>, strongly depends on electron Resonator

“Phase difference: ¢ = ¢y — ¢, * Switching happens very fast, within ~10 ps.

*critical current: I, ©. ~ 100 GHz
*flux quantum: &, = h/2e :
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Proposal: Calibration of GJJ Detector with Microwave Pulse

Josephson Junctions in the Age of Quantum Discovery

arXiv:2505.12724 [quant-ph]
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https://arxiv.org/abs/2505.12724

Proposal: Calibration of GJJ Detector with Microwave Pulse
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Proposal: Calibration of GJJ Detector with Microwave Pulse
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Calibration of GJJ Detector with Microwave Pulse & Dark count
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Calibration of GJJ Detector with Microwave Pulse & Dark count
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Path to a dark matter science run

Graphene-based super-light invisible matter

particle search
J.C. Park et al., PHYSICAL REVIEW D 112, 015002 (2025)

Light mediator case

1 0—28

— 1-10° meV
— 0.1-10° me

— 1pgyr |1
~~~ Tngyr
1 pg~60*60 um(#1000) | -----
1 10 100 1000  10* 10°
m, [keV]

(T

1. Better Detector Sensitivity

2. Longer measurement time
3. larger-scale detector
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Path to a dark matter science run
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Low Energy Excess (LEE) Background
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arXiv:2403.19739v1 [hep-ph]

volume 13, Article number: 6425 (2022)

Why? - quasiparticles can tunnel through Josephson junctions = Decoherence/Dark count
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https://www.nature.com/ncomms

Scaling Up: Larger-Scale Detector Arrays (# of JJ)

1 pg~60*60 um (#1000)

Energy injection

I I XL
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Uniform Josephson junctions in series
—>nanofabrication technology

large-scale graphene sheet

- CVD graphene

216 GJJs connected in series
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Conclusion

e (Calibration of GJJ Detector

V' Eig = 9.7 meV with DCR~3*10* Hz, E,jq = 31 meV with DCR~1*10 Hz

Path to a dark matter science run
1. Better Detector Sensitivity

»  Optimization of |d/./dT] for GJJ

E » Reduce Ggp & C,
Sx 1078k -1 ..o Freeze-In 2. Scaling Up: Larger-Scale Detector Arrays
L PO e — 1-10% meV
--------- — 0.1-10° me » |arge-scale graphene sheet
10~43 — 1pgyr
--= 1ngyr = Uniform GJJ in series
N 1 ug-yr
0, T 3. Low energy excess background
0.1 1 10 100 1000 104 10°
m, [keV] » Reducing area of SC
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Supple.
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Thermal Relaxation Time Measurement: Time-Resolved Two Pulse Method
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Measure the switching probability varying At
-> Estimate the thermal relaxation time
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Graphene's Advantages: Focus on Thermal Properties

h PHYSICAL REVIEW APPLIED 8, 024022 (2017)
., —draphene C. o T, & n¥2
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» Linear Dispersion Relation ->Broad absorption bandwidth

» Fast electron—electron interaction time (~10 fs)

[Nat.Phys. 9, 248 (2013)]

» Shrinking density of state near the CNP

- small €, > Higher temperature rise & Faster cooldown

[PRX 3, 041008 (2013)]

» graphene enables good SC contacts

Nature Physics volume 9, pages248-252 (2013)
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https://www.nature.com/nphys

Graphene's Advantages: Focus on Thermal Properties

PHYSICAL REVIEW APPLIED 8, 024022 (2017)

Ghra G,
amp d e _X elec Thz thermal interaction by electron-phonon coupling
- Graqd = 1okgB, for B < kgT/h
GEP$ very small
3 oh 3 Gaify
Andreev reflection suppress the thermal diffusion
% at the superconductor to graphene contact.

[ base )
G = Eydiff%d + Gep) ~ Gep

. Weak electron-phonon coupling + Small heat capacity
=» Graphene is a highly promising material for Sensor
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Fabrication of Large-scale Graphene |

< CVD-grown Graphene with exfoliated hBN ** CVD-grown Graphene with CVC
: gro

SeongJang | Chae-Gun Lee

hBN/Graphene/hBN stack
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GJJs were demonstrated with CVD-grown large-scale graphene.
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Thermal Relaxation Time Measurement

Method

2nd Pulse

»

Measure the detection eff. varying At e

time

- Estimated the 1,

Case 2
At > Ttn
1st Pulse 2 Pulse
Te A * *
+—>
At
Tcold
time
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Thermal Relaxation Time Measurement: Time-Resolved Two Pulse Method

T, = 110 mK

Time
Measure n varying At
-> Estimate the 1,

At =4 ns~ 100 ns

Tovst 2 Toea VSt 2 N vst

r*th= 18.5+2.5ns Fo

107

Co= Gy * Ty = 61.7 fW/K * 18.5 ns

= 1.14 2J/K(= 82.6 kg) >> Coyn =0.177 2J/K (= 12.8 kg)
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Thermal Relaxation Time Measurement

Bolometer
2.70 107 1500 .
28
2.68 LR Eep =1.074
< 2.66 3 g1ooo-R2=o.98 |
EX : =
5,264 -
E_ oo =]
2.62 ; o
2.60 L | |
0 0 25 50 75 100 0 0.5 1
Al e (NS) Electron Temperature (K)
_30f & Sep =1.07 W/m2k3(0.01)
Tg Tg T;l 520_ °°° _
: > Gy, = AZ,T; =674 aW/K
Ce =Gy ™ Ty =0T 8 _
0 -
=12.5 +1.69 yJ/K(16.1)= 0.9 = 0.1 kg(1.2) 005 01 015

Electron Temperature (K)
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@ 10 mK

. 270 i 1500 .
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! i 0
2.60 I 104 | | | ©
0 50 100 0 25 50 75 100 0 0.5 1
Al (NS) Aty e (NS) Electron Temperature (K)
Two-pulse method - 1, = 18.5 ns Bolometer
0 10 20 30 40
E, (meV)

> Gy, = 674 aW/K

Calorimeter 2 Eyes- 10.5 meV (2.2 meV) Sep =1.1 W/m?2K3(0.01)

C.= Gy * Ty, =12.5 + 1.69 yJ/K(16.1)= 0.9 = 0.1 kg(1.2)

The system that enables these measurements to be performed simultaneously.
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Pulse Generation

Single sideband mixing
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Graphene Resonator

Spectrum Analyzer
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Pulse Energy Calculation
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Sum(Effective Power)*Repetition Time

-3
7 x10 — . 1100
; . -‘-..—2ns Pulse spectrum

—~6 ! '/ = 4 -Absorption (%)
:? ‘\ b 80
Es5; S
= o
g al ' r. 60 =
O : ! ﬂ 3
8_ 3+ i y “F =
&3 g 5\ 40 ©
= 1 : A I] ] 8
qg,) 2 1 i \ ! <
¢} 120
g, !

0 : ‘ ! 0

7 7.5 8 8.5 9

Frequency (GHz)

Absorption Ratio Cal.
Eabsorption = Empur * Absorption Ratio

Oscilloscope

Mixer RF Output
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Pulse Energy Calculation
VZ
Energy = ZF At

https://blog.minicircuits.com/ig-mixers-image-reject-down-conversion-single-sideband-ssb-up-conversion/
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Future Directions

.
Halbertal et al.,Science 358, 13031306 (2017)
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