Alessio Rettaroli
INFN
LNF



We use Josephson junctions as photon detectors for axion search
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Axions arise from extensions of the
Standard Model of particle physics
and are good candidates of Dark
Matter
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Axions have an interaction
term with photons
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Haloscope concept
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SIMP (SIngle Microwave Photon) project



Current biased Josephson junctions as photon detectors

U (¢)

[ =1ysin¢®
d  2e
dt h

~

/In order to use a JJ as a detector, it is convenient to bias it with a dc current just

below [, through a suitable dc current source.

The occurrence of an external additional current can induce the switching of

\the junction from the zero to the finite voltage state. )
Kuzmin et al, IEEE Trans. Appl. Supercond., VOL. 28, NO. 7 (2018)




Critical request: low dark counts
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> We expect tiny signals from axions: P, < 1072* W
» Single photon detector have better noise performances

with respect to linear amplifiers above about 10 GHz
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RMS of noise power for linear amplifiers:
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CBJJs have the potentiality to reach dark counts at mHz rate.



Switch in presence of signal

The simplest design for a photon detector is a
transmission line (TL) terminated with a JJ

Circuit equation with flux variable ¢
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With a g; = 600 ps Gaussian wavepacket,
the junction switches when:

-

2" = 50 nd when isolated,
corresponding to 4 photons

2" = 250 nA with a 50 Q TL,

corresponding to 100 photons
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Dark counts

Probability to cause a transition:

P — AYTL Y switch
= 2
(’)’TL + '75witch)

Coupling of TL to the junction:
YrL = WiZi/ Zy

Vsw ~ 103]/0 Yr. ~ 10 GHz

-

* Pgis maximum when Y7, = Ysw , but Yo = 1 MHz

e Pr=0.5-10"3wheny, = 1 MHz, y, = 1kHz

% Pr =4-10"7 wheny, = 1 kHz, y, = 1Hz
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[ Proper matching of the TL to the junction is an issue ]




Possible solutions to the matching issue

JJ directly coupled to a 3D cavity
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arXiv:1105.4652v4
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In this case decoherence is given by 7,

So, for copper cavities at 10 GHz:

T.~ 1us
Ye =1/1, ~1MHz

~

Cavity+cable+ —|

Stub tuner

Stub Tuner
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If there is no matching, the photon is

‘trapped’ in the coplanar branches
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Current situation

Simulations done

Single JJ measured

TL + JJ device fabricated



JJ fabrication and measurements

Shadow mask evaporation technique,
with Electron Beam Litography

Material Aluminum Material Aluminum
Dimensions 2umXx2um Dimensions 2umxXx4um
Iy 300 nA Iy 600 n4
C 200 fF C 400 fF

Fabricated at CNR-IFN.

2 ymx2 um JJ

» |-V charachteristic

» Switching current distributions

Chip mounted under the
mixing chamber of the
dilution refrigerator.



Switching current distributions

600

Range: 50mK — 850mK

500

400

A1)

= 300

P)

200

100

0.07

2umx2um JJ

0.08 0.09

qooooo

0.10
I (LA)

850
800
700
600
500
450
400
350
300

T (mK)
275
250
225
200
175
150
140
130

gaooooo

0.11

0.12

120
110
100
90
80
70
60
50

0.13

—

o (nA

3.00

/ Expected from quantum tunneling

2.75

2.50

2.25

2.00

1.75

1.50

1.25

1.00

0.75

0.50

2umx2um JJ

0

I I I I I I I I
100 200 300 400 500 600 700 800

T (mK)

Decrease due to the dependence

of I.(T) with temperature

10



Interpretation and simulations to validate hypothesis
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g2 T sing =5+ s () +7u(T) + 7R
d")’R dZ(P ey e . .
—— +aRcYR + Xint——5 =0 Parasitic RC circuit
dt dt
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27T kBT Q
AU
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[ Thermal activation is suppressed J

11



Ongoing: Transmission Line + JJ

[ Simplest design of photon detector fabricated ]

[ Measurements done by the end of March ]
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Conclusions

4 A

> We need a single microwave photon counter for axion search
It can be developed with Current Biased Josephson junctions
We did simulations to obtain fabrication parameters

We measured single Josephson junctions

Testing Coplanar waveguide ended with Josephson junction /

/v v v v
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