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A Ordinary Matter

Astronomical observations indicate that
baryonic matter accounts for only 4% of
the massenergy of the universe.

A Dark Matter

Orbital kinematics o$tarsin galaxies,
galaxies in clusters, and observations of
gravitational lensing all point towards the
presence of about 5 times more mass than
can be accounted for by stars, gas, and
other ordinary matter.

A Dark Energy

The observation that our universe is not
just expanding, but accelerating indicates
t hat t he uni-energysse 0s
dominated by the cosmological constant,
guintessence, or other dark energy



Motivations from theAxion search

The InvisibleUniverse
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The InvisibleUniverse
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A Theaxionwas originally proposed in 1977 IRecceiand Quinn (before the idea of dark
matter) as a solution that #dAcleans upo
the strong force.

A If axionsexist, they would have been produced in the big bang, and are an excellent o
matter candidate because they are cold-fetativistic) and interact with ordinary light
and matter very weakly.



TheAxion: a Candidate for DM

A TheAxion hasbeenobserved at UC
Berkeley, among a disused lab sink deep
in the second basement®ifge hall!

A Initial data suggests a nafirialized
velocity distribution and highly nen
homogenous density, so universal
abundance remains an open question and
no competing DM candidates have yet
been excluded.

A Even 10 years after the expiration date,
Axion remains an excellent degreaser.




Motivations from theAxion search

TheAxion Search Space
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3 orders of magnitude in mass/frequency to search




Motivations from theAxion search

How to Find arAxion

ExpectedSignal

CUBTE
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Frequency
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Needto scanfrequency
Need low noise floor

PierreSikivie (1983)



TheAxion Dark Matter Candidate

What Sets the Noise Floor?
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TheAxion Dark Matter Candidate

What Sets the Noise Floor?

Power ,

..r - Total Noise Power = Thermal Noise + Extra Noise from Amplifi

Frequency ]
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TheAxion Dark Matter Candidate

What Sets the Noise Floor?

A

Power

..r - Total Noise Power = Thermal Noise + Extra Noise from Amplifi
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TheAxion Dark Matter Candidate

Noise Temperature,l

I S D

Resonator W HEMT S|/ >

G, G, G,

Yoi o0ZaQYQA N Qi 0 0 I'YQy,; Y —"Y —Y é
Conventional Si Microwave Amp. 300 K 50 K
CryogenicHEMT Amp. 4.2 K 2 K
MSA 4.2 K to 50mK Tya max (Jr/ 2,
StandardQuantum Limit -- hf/kg (48mK @ 1GHz)

For a small T

A Need a ;s ON par or small relative togland T
A Need a Glarge or on par with Juept/ T vsa



Motivations from theAxion search

The Importance of Noise Temperatur

A Original system noise temperature: Tg=T+T=3.2K

Cavity temperature: T =1.5K (pumped Hg)
Amplifier noise temperature: T =1.7K (HEMT)
A Time* to scan the frequency range frdps 0.24 tof, = 0.48 GHz:

t(f,f,) =4 x10Y(3.2K/1K)2(1/f, 1 1/,) s e 270 ears

*Dine-FischlerSrednickiZhitnitsky (DFSZ) theory



Motivations from theAxion search

The Importance of Noise Temperatur

A Original system noise temperature: Tg=T+T=3.2K
Cavity temperature: T =1.5K (pumped Hg)

Amplifier noise temperature: T =1.7K (HEMT)
A Time* to scan the frequency range frdps 0.24 tof, = 0.48 GHz:

t(f,f,) =4 x10Y(3.2K/1K)2(1/f, 1 1/,) s e 270 ears

A Next generation:
Cavity temperature: T =50mK (He; dilution unit)
Amplifier noise temperature: Ty =50mK (MSA)

A Time* to scan the frequency range fréyw 0.24 tof, = 0.48 GHz:

t(f,,f,) =4 x 107(0.1K/1K)%(1f, T 1/,) s e clOOdays

*Dine-FischlerSrednickiZhitnitsky (DFSZ) theory
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Principle of SQUIDs as microwave amplifiers

TheMicrostrip SQUID Amplifier
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Principle of SQUIDs as microwaamplifiers

Superconductivity

Flux Quantization

A At low temperatures in a SC metal;Sgin

electrons (fermions) bind into$pin Cooper Ay must be continuous, so on trips around a SC
pairs (bosons). ringdmay MfAadvanceo only in
A Momentum (current) is determined by del
A Cooper pairs are the chargarrying unit in A Total flux is (I x L) constrained to integer

superconductors. multiples ofh/2e.

A As cold Bosons, the Cooper pairs almost alll
condense to the ground state (B&sestein F =nF 0
condensate) resulting inmaacroscopically
coherent quantum state

¢ = [¢(r)]e?™)
77&*77& — ’RS(I‘)

A All the magic is possible due to this large
scale quantum coherence!
A Coherencéengthindcanr ange from 1000s

of nm to several m! (Typical device size is 1 F=nF, (n=0,x1,%2, ..)
mm) B,=h2ed 2. Wb 10

(also, current can flow without dissipation)



Principle of SQUIDs as microwaamplifiers

Superconductivity

A At low temperatures in a SC metakspin Josephson Tunne”ng
electrons (fermions) bind into€pin Cooper insulating
pairs (bosons). _ barrier _
: : " Ylelfl 7 Yzelf2
A Cooper pairs are the chargarrying unit in superconductor 7 superconductor
superconductors. P % © o =g @é S e 8P ® o8
| —> d;%é’soo%%d’ oo%ooi °°86’%d> —> |
A As cold Bosons, the Cooper pairs almost all 80 o 08 P & °°/ ¢ 2 © ® &
condense to the ground state (B&smestein _,Z(_ ~20A
condensate) resulting inmaacroscopically
coherent quantum state a=fr-f,
¥ = [u(r)[e”)
¥, : : .
?,b 77& — Ng (I‘) Overlap interaction of theavefunctionsn the
Aclassically forbiddenbo
A All the magic is possible due to this large Josephson relations:
scale quantum coherence!
A Coherencéengthindcanr ange from 10Q00s. ,
of nm to several m! (Typical device size is 1 G Qsinj V= /12

mm)

(also, current can flow without dissipation)



Principle of SQUIDs as microwave amplifiers

The RCSJ Model

A Josephson junction is two conductors separated substitutingthe Z‘dIZ;Josephéon relation:
by an insulator, so there is a capacitance. A ‘O QOEI —“B‘] =16
resistance may also exist due to an imperfect ¢y
insulating layer or a resistance added by design. or
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Principle of SQUIDs as microwave amplifiers

The RCSJ Model

Insight from tilted washboard potential:

Usj~s <
’\!."\_,_\ A v=0for any | < |, (starting flat, at rest)
A As soon as | >y, V > 0 (particle rolls downhill)
I<1I, A For small damping terms, V may remain reeto,
5 even if | <1,
_ . _ A Critical damplng parameter;, Y 6 _
Nphaseo particle on g ks .f%8f8h<‘1"r%g%r&‘lé§s%f%l{ d:
~ Bn
Y Qe ANN® O]
- |
titt a3 A | =
positiona A U A
velocityd A V E 1> b,
massi A C s [— 7~ --- 20
dampinga A 1/R -7 B
0 . . . .
0 1 2

voltage v=VIl R

This is why we add parallel resistance



Principle of SQUIDs as microwaamplifiers

Principle of SQUIDs as microwawemplifiers
The DC SQUID

Two Josephson junctions on a superconducting ring

s BB
- OOE I CT(]Y CTO(] Or
, wmer BB
— OOE I CT(]Y C_O(] Or
- .
T . B LY
- 0Q A
C E ORIl 1 (I Qp
‘Q "@"O C“ 'Q R . o
';'Q 070 ro —)T['YO E E OEI 1 T (] Qh

t g rctoy g,



Principle of SQUIDs as microwaanplifiers

The DC SQUID

Two Josephson junctions on a superconducting ring

2.0
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Critical Current 1| is modulated by magneticflux

A flux through the SQUID loopl(,) induces a circulating

current to satisfy the fluguanitzatiorcondition, adding to  \Wjth some simplifying assumptions
the current through one junction, subtracting from the (like symmetric junctions)

other, and inducing a difference in the phases across thethe DC SQUID can be treated as a
junctions. )
J single, flux-modulated Josephson
Interferenceof the superconducting wave functions in the Junction

two SQUID arms sets the maximum currenthat can

flow atV =0



Principle of SQUIDs as microwaamplifiers

DC SQUID as Fluxto-Voltage Transducer

For use as a flux transducer:

A Bias flux arounds /4 for maxdl /d

A Apply a DC bias current slightly aboVeto
select a high dynamic impedance part of thve
curve

A Small variations ig U E A IAKDGAE inv O
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Principle of SQUIDs as microwaamplifiers

DC SQUID as Fluxo-Voltage Transducer

Josephson junctions

/ Resistive shunts

.,

“.:
U;,,;_

Integrated flux input coil Practical frequency range0-200 MHz



Principle of SQUIDs as microwaamplifiers

DC SQUID as an RF amplifier (MSA)

To couple a microwave signal into the SQUID:

A Cover the washer with an insulating layer
(350nm of SiQ)

A Add a spiral path of conductor around the
centralhole

A Leave on end of the input coil unconnected

This creates a resonanicrostrip transmission
line between the input coil and SQUID washer



