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DM	Radio	DJs	

QuantISED	



•  A	superconduc:ng,	tunable	lumped-element	LC	resonator	

•  Ini:ally	read	out	by	a	DC	SQUID,	will	be	replaced	by	an	op:mized	
quantum	sensor	we	are	developing	through	a	separate	project	

	
•  Searching	for	axion/hidden	photon	dark	maPer	from	peV	to	μeV	

•  Compton	wavelength	>>	dimensions	of	experiment	
•  Dark	maPer	signal	has	simple	cos(ωt)	dependence	
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What is DM Radio? 
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Possible Candidates 
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•  Spin-0	pseudoscalars	

•  Possible	solu:on	to	strong-CP	
problem	

•  Many	other	axion-like	par:cles	
(ALPs)	

•  Detec:on	via	inverse	Primakoff	
effect,	requires	DC	B-field	

	

Axions	 Hidden	Photons	

•  Massive	spin-1	vector	bosons	

•  Non-thermal	produc:on	via	
misalignment	mechanism,	infla:onary	
fluctua:ons	

•  Interacts	with	photons	
through	kine:c	mixing	

•  No	DC	B-field	required	
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field	
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Both	candidates	appear	as	an	
effec$ve	source	term	in	
Maxwell’s	equaEons	

Not	a	real	
current!	
Does	not	
carry	charge	

r⇥ ~B / ~JDM
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Axions – plenty of room at the bottom! 
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For	QCD	Axion	below	μeV	see	
Graham	and	Scherlis	
The	StochasEc	Axion	Scenario	
arXiv:1805.07362	



Hidden Photons – plenty of room at the bottom! 
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ProducEon	mechanisms:	
	
Graham	et	al	
Vector	dark	ma7er	from	
inflaEonary	fluctuaEons	
Phys.	Rev.	D	93,	103520	
(2016)	/	arXiv:1504.02102	
	
Or	
	
Arias	et	al.	
WISPy	Cold	Dark	Ma7er	
JCAP	2012.06,	013	(2012)	
	



Hidden Photon Detection 
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Cross-sec:on	

Superconduc:ng	shield	

Hollow,	superconduc:ng	sheath	
(toroid)	

8	

9.5	inches	

7.5	inches	
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•  Hidden	photons	penetrate	
superconductors,	acts	as	an	
effec:ve	AC	current	

~JHP(t)

9	
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•  Hidden	photons	penetrate	
superconductors,	acts	as	an	
effec:ve	AC	current	

•  Generates	a	REAL	
circumferen:al,	quasi-sta:c	
B-field	

~BHP(t) = | ~BHP(t)| �̂

10	



Hidden Photon Detection 
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•  Hidden	photons	penetrate	
superconductors,	acts	as	an	
effec:ve	AC	current	

•  Generates	a	REAL	
circumferen:al,	quasi-sta:c	
B-field	

•  Screening	currents	in	
superconductor	flow	to	
cancel	field	in	bulk	

Meissner	Effect	
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•  Cut	concentric	slit	at	boPom	
of	sheath	
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•  Cut	concentric	slit	at	boPom	
of	sheath	

•  Screening	currents	con:nue	
to	flow	along	outer	surface	
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•  Cut	concentric	slit	at	boPom	
of	sheath	

•  Screening	currents	con:nue	
to	flow	along	outer	surface	

•  Add	an	induc:ve	loop	to	
siphon	some	of	the	
screening	current	
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Hidden Photon Detection 
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•  Cut	concentric	slit	at	boPom	
of	sheath	

•  Screening	currents	con:nue	
to	flow	along	outer	surface	

•  Add	an	induc:ve	loop	to	
siphon	some	of	the	
screening	current	

•  Sense	with	SQUID	or	
quantum	sensor	
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Axion Detection 

A.	Phipps	|	DM	Radio	|	3rd	Workshop	on	Microwave	Cavi:es	and	Detectors	for	Axion	Research	|	LLNL	|	Aug	23,	2018	

•  Toroidal	coil	produces	DC	
magne:c	field	inside	
superconduc:ng	sheath	

	
•  Axions	interact	with	DC	field,	acts	

as	an	effec:ve	AC	current	along	
direc:on	of	applied	field	

~B0

~Ja(t)

(B0	toroid	inside	sheath)			

~Ja = | ~Ja| �̂

Top-Down	Cross-sec:on	
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•  Toroidal	coil	produces	DC	
magne:c	field	inside	
superconduc:ng	sheath	

•  Axions	interact	with	DC	field,	acts	
as	an	effec:ve	AC	current	along	
direc:on	of	applied	field	

•  Produces	REAL	quasi-sta:c	AC	
magne:c	field	~Ba(t)
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•  Screening	currents	in	
superconductor	flow	to	cancel	
field	in	bulk	

Meissner	Effect	
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•  Screening	currents	in	
superconductor	flow	to	cancel	
field	in	bulk	

•  Cut	a	slit	from	top	to	boPom	of	
the	superconduc:ng	sheath	
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•  Screening	currents	con:nue	
along	outer	surface	

	
•  Use	induc:ve	loop	to	siphon	

some	of	the	screening	
current	

•  Readout	with	SQUID	or	
quantum	sensor	
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Broadband Detectors 
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Broadband	Hidden	Photon	Detector	

Broadband	Axion	Detector	

•  Can	operate	broadband	–	no	
need	to	scan	over	frequency	

•  Weak	signal	
	
•  Long	integra:on	:mes	
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Resonant Enhancement 
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•  Signal	can	be	enhanced	through	
the	use	of	a	resonator	
•  Near-op:mal	method,	see	

Kent	Irwin’s	talk	
	
•  Add	a	tunable	lumped-element	

resonator	to	ring	up	the	magne:c	
fields	sourced	by	local	dark	maPer	

•  Tune	dark	maPer	radio	over	
frequency	span	to	hunt	for	signal	
•  Short	integra:on	at	each	step	

22	

Tuneable	capacitor	Toroidal	inductor	
wrapped	around	
sheath		

LC	Oscillator	Hidden	Photon	Configura:on	
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Tuneable	capacitor	Toroidal	inductor	
wrapped	around	
sheath		

LC	Oscillator	Hidden	Photon	Configura:on	

72-turn	NbTi	Toroidal	Coil	

7.5	
inches	
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Tuneable	capacitor	Toroidal	inductor	
wrapped	around	
sheath		

LC	Oscillator	Hidden	Photon	Configura:on	
Nb	Hex	Capacitor	

	
Sapphire	plates	(not	shown)	

used	to	tune	

3.85	
inches	
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LC	Oscillator	Axion	Configura:on	

Tuneable	capacitor	Solenoid	inductor	placed	
in	sheath	center	hole		

•  Signal	can	be	enhanced	through	
the	use	of	a	resonator	
•  Near-op:mal	method,	see	

Kent	Irwin’s	talk	
	
•  Add	a	tunable	lumped-element	

resonator	to	ring	up	the	magne:c	
fields	sourced	by	local	dark	maPer	

•  Tune	dark	maPer	radio	over	
frequency	span	to	hunt	for	signal	
•  Short	integra:on	at	each	step	
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Equivalent	Circuit	Model	

26	

Resonator	Bandwidth	

Out-of-Band	
SensiEvity	

Amplifier	
Noise	

To	maximize	signal-to-noise…	
	
•  Large	volume:		

	
•  Minimize	R	(sets	Q):		

•  Goal:	
		

•  Decrease	temperature:		
	
•  Minimize	readout	noise	

•  Determines	scan	depth/:me	
•  S:ll	want	quantum-limited	amps!	

Looking	for	excess	power	
above	thermal	noise	

Φ
R

LC
Lsheath

Linput

Φ
resonator slitted

sheath SQUID

dark matter signal

Q ⇠ QDM ⇠ 106
<latexit sha1_base64="ojlLB9RHsbU02cENbZq87y4fl7M=">AAACBXicbVDJSgNBEK1xjXEbl5seGoPgKcyIqCcJ6MGLkIBZIImhp9NJmvQsdNeIYcjFi7/ixYMiXv0Hb/6NnUkOmvig4PFeFVX1vEgKjY7zbc3NLywuLWdWsqtr6xub9tZ2RYexYrzMQhmqmkc1lyLgZRQoeS1SnPqe5FWvfznyq/dcaREGtziIeNOn3UB0BKNopJa9X2po4ZNSK2kgf8Dk6mY4TBXXuTtt2Tkn76Qgs8SdkFxhF1IUW/ZXox2y2OcBMkm1rrtOhM2EKhRM8mG2EWseUdanXV43NKA+180k/WJIDo3SJp1QmQqQpOrviYT6Wg98z3T6FHt62huJ/3n1GDvnzUQEUYw8YONFnVgSDMkoEtIWijOUA0MoU8LcSliPKsrQBJc1IbjTL8+SynHedfJu6SRXuBinARnYgwM4AhfOoADXUIQyMHiEZ3iFN+vJerHerY9x65w1mdmBP7A+fwDtCJg1</latexit><latexit sha1_base64="ojlLB9RHsbU02cENbZq87y4fl7M=">AAACBXicbVDJSgNBEK1xjXEbl5seGoPgKcyIqCcJ6MGLkIBZIImhp9NJmvQsdNeIYcjFi7/ixYMiXv0Hb/6NnUkOmvig4PFeFVX1vEgKjY7zbc3NLywuLWdWsqtr6xub9tZ2RYexYrzMQhmqmkc1lyLgZRQoeS1SnPqe5FWvfznyq/dcaREGtziIeNOn3UB0BKNopJa9X2po4ZNSK2kgf8Dk6mY4TBXXuTtt2Tkn76Qgs8SdkFxhF1IUW/ZXox2y2OcBMkm1rrtOhM2EKhRM8mG2EWseUdanXV43NKA+180k/WJIDo3SJp1QmQqQpOrviYT6Wg98z3T6FHt62huJ/3n1GDvnzUQEUYw8YONFnVgSDMkoEtIWijOUA0MoU8LcSliPKsrQBJc1IbjTL8+SynHedfJu6SRXuBinARnYgwM4AhfOoADXUIQyMHiEZ3iFN+vJerHerY9x65w1mdmBP7A+fwDtCJg1</latexit><latexit sha1_base64="ojlLB9RHsbU02cENbZq87y4fl7M=">AAACBXicbVDJSgNBEK1xjXEbl5seGoPgKcyIqCcJ6MGLkIBZIImhp9NJmvQsdNeIYcjFi7/ixYMiXv0Hb/6NnUkOmvig4PFeFVX1vEgKjY7zbc3NLywuLWdWsqtr6xub9tZ2RYexYrzMQhmqmkc1lyLgZRQoeS1SnPqe5FWvfznyq/dcaREGtziIeNOn3UB0BKNopJa9X2po4ZNSK2kgf8Dk6mY4TBXXuTtt2Tkn76Qgs8SdkFxhF1IUW/ZXox2y2OcBMkm1rrtOhM2EKhRM8mG2EWseUdanXV43NKA+180k/WJIDo3SJp1QmQqQpOrviYT6Wg98z3T6FHt62huJ/3n1GDvnzUQEUYw8YONFnVgSDMkoEtIWijOUA0MoU8LcSliPKsrQBJc1IbjTL8+SynHedfJu6SRXuBinARnYgwM4AhfOoADXUIQyMHiEZ3iFN+vJerHerY9x65w1mdmBP7A+fwDtCJg1</latexit><latexit sha1_base64="9scuuyXgBk86VQnNhR/2ImEugv8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE1JUUdOFGaME+oIlhMp22QycPZm7EErJx46+4caGIW//BnX/jtM1CWw9cOJxzL/fe48eCK7Csb6OwsLi0vFJcLa2tb2xumds7TRUlkrIGjUQk2z5RTPCQNYCDYO1YMhL4grX84eXYb90zqXgU3sIoZm5A+iHvcUpAS565X3cUD3DdSx1gD5Be3WTZRLGtu1PPLFsVawI8T+yclFGOmmd+Od2IJgELgQqiVMe2YnBTIoFTwbKSkygWEzokfdbRNCQBU246+SLDh1rp4l4kdYWAJ+rviZQESo0CX3cGBAZq1huL/3mdBHrnbsrDOAEW0umiXiIwRHgcCe5yySiIkSaESq5vxXRAJKGggyvpEOzZl+dJ87hiWxW7flKuXuRxFNEeOkBHyEZnqIquUQ01EEWP6Bm9ojfjyXgx3o2PaWvByGd20R8Ynz967Jfh</latexit>

SNR / V 5/6
<latexit sha1_base64="gy16rD2ye6dAMZxyuth4td7vHFA=">AAACA3icbVDJSgNBFHwTtxi3uJz00hgET3FGXHIMePEkcckCSQw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2loNGCxqKqvd4XeWGUmi07S8rNTM7N7+QXswsLa+srmXXNyo6iBTjZRbIQNVcqrkUPi+jQMlroeLUcyWvuv2zoV+940qLwL/BQcibHu36oiMYRSO1stsN5PcYX19cJaQRqiDEgFRu4+ODk6SVzdl5ewTylzgTkituwQilVvaz0Q5Y5HEfmaRa1x07xGZMFQomeZJpRJqHlPVpl9cN9anHdTMeZUjInlHapBMo83wkI/XnRkw9rQeeayY9ij097Q3F/7x6hJ1CMxZ+GCH32fhQJ5LEBB0WQtpCcYZyYAhlSpi/EtajijI0tWVMCc505L+kcph37LxzeZQrFsZtQBp2YBf2wYFTKMI5lKAMDB7gCV7g1Xq0nq036308mrImO5vwC9bHN7U+l4s=</latexit><latexit sha1_base64="gy16rD2ye6dAMZxyuth4td7vHFA=">AAACA3icbVDJSgNBFHwTtxi3uJz00hgET3FGXHIMePEkcckCSQw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2loNGCxqKqvd4XeWGUmi07S8rNTM7N7+QXswsLa+srmXXNyo6iBTjZRbIQNVcqrkUPi+jQMlroeLUcyWvuv2zoV+940qLwL/BQcibHu36oiMYRSO1stsN5PcYX19cJaQRqiDEgFRu4+ODk6SVzdl5ewTylzgTkituwQilVvaz0Q5Y5HEfmaRa1x07xGZMFQomeZJpRJqHlPVpl9cN9anHdTMeZUjInlHapBMo83wkI/XnRkw9rQeeayY9ij097Q3F/7x6hJ1CMxZ+GCH32fhQJ5LEBB0WQtpCcYZyYAhlSpi/EtajijI0tWVMCc505L+kcph37LxzeZQrFsZtQBp2YBf2wYFTKMI5lKAMDB7gCV7g1Xq0nq036308mrImO5vwC9bHN7U+l4s=</latexit><latexit sha1_base64="gy16rD2ye6dAMZxyuth4td7vHFA=">AAACA3icbVDJSgNBFHwTtxi3uJz00hgET3FGXHIMePEkcckCSQw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2loNGCxqKqvd4XeWGUmi07S8rNTM7N7+QXswsLa+srmXXNyo6iBTjZRbIQNVcqrkUPi+jQMlroeLUcyWvuv2zoV+940qLwL/BQcibHu36oiMYRSO1stsN5PcYX19cJaQRqiDEgFRu4+ODk6SVzdl5ewTylzgTkituwQilVvaz0Q5Y5HEfmaRa1x07xGZMFQomeZJpRJqHlPVpl9cN9anHdTMeZUjInlHapBMo83wkI/XnRkw9rQeeayY9ij097Q3F/7x6hJ1CMxZ+GCH32fhQJ5LEBB0WQtpCcYZyYAhlSpi/EtajijI0tWVMCc505L+kcph37LxzeZQrFsZtQBp2YBf2wYFTKMI5lKAMDB7gCV7g1Xq0nq036308mrImO5vwC9bHN7U+l4s=</latexit><latexit sha1_base64="wGbKp/Hl/jJZ4LT2djYfGMZlCjM=">AAACA3icbVDJSgNBFOyJW4zbqDe9NAbBU5wRlxwDXjxJXLJAZgw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2kjloYkFDUfUer6u8SHAFlvVt5ObmFxaX8suFldW19Q1zc6uuwlhSVqOhCGXTI4oJHrAacBCsGUlGfE+whjc4H/mNeyYVD4NbGEbM9Ukv4F1OCWipbe44wB4gubm8TrETyTCCENfvkpPD07RtFq2SNQaeJXZGiihDtW1+OZ2Qxj4LgAqiVMu2InATIoFTwdKCEysWETogPdbSNCA+U24yzpDifa10cDeU+gWAx+rvjYT4Sg19T0/6BPpq2huJ/3mtGLplN+FBFAML6ORQNxZYBx0VgjtcMgpiqAmhkuu/YtonklDQtRV0CfZ05FlSPyrZVsm+Oi5WylkdebSL9tABstEZqqALVEU1RNEjekav6M14Ml6Md+NjMpozsp1t9AfG5w9DIpc3</latexit>

/ Q1/4
<latexit sha1_base64="jiU9TajvBV9hGFxlhj3z/Q+13eU=">AAAB+HicbVDLTgJBEOzFF+KD9XHzspGYeMJdQyJHEi8eIZFHAiuZHQaYMDszmZk1wQ1f4sWDxnj1U7z5Nw4LBwUr6aRS1Z3urkgyqo3vfzu5jc2t7Z38bmFv/+Cw6B4dt7RIFCZNLJhQnQhpwignTUMNIx2pCIojRtrR5Hbutx+J0lTwezOVJIzRiNMhxchYqe8We1IJaYTXeEiDq8qs75b8sp/BWyfBkpRqp5Ch3ne/egOBk5hwgxnSuhv40oQpUoZiRmaFXqKJRHiCRqRrKUcx0WGaHT7zLqwy8IZC2eLGy9TfEymKtZ7Gke2MkRnrVW8u/ud1EzOshinlMjGE48WiYcI8++g8BW9AFcGGTS1BWFF7q4fHSCFsbFYFG0Kw+vI6aV2XA78cNCqlWnWRBuThDM7hEgK4gRrcQR2agCGBZ3iFN+fJeXHenY9Fa85ZzpzAHzifP2NVkuY=</latexit><latexit sha1_base64="jiU9TajvBV9hGFxlhj3z/Q+13eU=">AAAB+HicbVDLTgJBEOzFF+KD9XHzspGYeMJdQyJHEi8eIZFHAiuZHQaYMDszmZk1wQ1f4sWDxnj1U7z5Nw4LBwUr6aRS1Z3urkgyqo3vfzu5jc2t7Z38bmFv/+Cw6B4dt7RIFCZNLJhQnQhpwignTUMNIx2pCIojRtrR5Hbutx+J0lTwezOVJIzRiNMhxchYqe8We1IJaYTXeEiDq8qs75b8sp/BWyfBkpRqp5Ch3ne/egOBk5hwgxnSuhv40oQpUoZiRmaFXqKJRHiCRqRrKUcx0WGaHT7zLqwy8IZC2eLGy9TfEymKtZ7Gke2MkRnrVW8u/ud1EzOshinlMjGE48WiYcI8++g8BW9AFcGGTS1BWFF7q4fHSCFsbFYFG0Kw+vI6aV2XA78cNCqlWnWRBuThDM7hEgK4gRrcQR2agCGBZ3iFN+fJeXHenY9Fa85ZzpzAHzifP2NVkuY=</latexit><latexit sha1_base64="jiU9TajvBV9hGFxlhj3z/Q+13eU=">AAAB+HicbVDLTgJBEOzFF+KD9XHzspGYeMJdQyJHEi8eIZFHAiuZHQaYMDszmZk1wQ1f4sWDxnj1U7z5Nw4LBwUr6aRS1Z3urkgyqo3vfzu5jc2t7Z38bmFv/+Cw6B4dt7RIFCZNLJhQnQhpwignTUMNIx2pCIojRtrR5Hbutx+J0lTwezOVJIzRiNMhxchYqe8We1IJaYTXeEiDq8qs75b8sp/BWyfBkpRqp5Ch3ne/egOBk5hwgxnSuhv40oQpUoZiRmaFXqKJRHiCRqRrKUcx0WGaHT7zLqwy8IZC2eLGy9TfEymKtZ7Gke2MkRnrVW8u/ud1EzOshinlMjGE48WiYcI8++g8BW9AFcGGTS1BWFF7q4fHSCFsbFYFG0Kw+vI6aV2XA78cNCqlWnWRBuThDM7hEgK4gRrcQR2agCGBZ3iFN+fJeXHenY9Fa85ZzpzAHzifP2NVkuY=</latexit><latexit sha1_base64="2GQKRy/r17um1GRy9A8FY33YTIQ=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7orBXssePHYgv2Adi3ZNNuGZrMhyQp16S/x4kERr/4Ub/4b03YP2vpg4PHeDDPzQsmZNp737Wxsbm3v7Bb2ivsHh0cl9/ikrZNUEdoiCU9UN8SaciZoyzDDaVcqiuOQ0044uZ37nUeqNEvEvZlKGsR4JFjECDZWGrilvlSJNAlqPmT+VXU2cMtexVsArRM/J2XI0Ri4X/1hQtKYCkM41rrne9IEGVaGEU5nxX6qqcRkgke0Z6nAMdVBtjh8hi6sMkRRomwJgxbq74kMx1pP49B2xtiM9ao3F//zeqmJakHGhEwNFWS5KEo5so/OU0BDpigxfGoJJorZWxEZY4WJsVkVbQj+6svrpH1d8b2K36yW67U8jgKcwTlcgg83UIc7aEALCKTwDK/w5jw5L86787Fs3XDymVP4A+fzB/EqkpI=</latexit>

/ T�1/2
<latexit sha1_base64="Jefatq4NQr9wWGx7DbJ2a29/JG4=">AAAB+XicbVDLSgNBEOyNrxhf6+PmZTAIXoy7QTDHgBePEfKCZA2zk0kyZHZmmZkNhCV/4sWDIl79E2/+jZNNDppY0FBUddPdFcacaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSZF3UxjGkR4KNiAEWys1HPdbqxkbCSqP6XX/k151nOLXsnLgNaJvyTF6hlkqPXcr25fkiSiwhCOte74XmyCFCvDCKezQjfRNMZkjIe0Y6nAEdVBml0+Q5dW6aOBVLaEQZn6eyLFkdbTKLSdETYjverNxf+8TmIGlSBlIk4MFWSxaJBwZD+dx4D6TFFi+NQSTBSztyIywgoTY8Mq2BD81ZfXSbNc8r2S/3hbrFYWaUAezuECrsCHO6jCA9SgAQQm8Ayv8Oakzovz7nwsWnPOcuYU/sD5/AHTPZMe</latexit><latexit sha1_base64="Jefatq4NQr9wWGx7DbJ2a29/JG4=">AAAB+XicbVDLSgNBEOyNrxhf6+PmZTAIXoy7QTDHgBePEfKCZA2zk0kyZHZmmZkNhCV/4sWDIl79E2/+jZNNDppY0FBUddPdFcacaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSZF3UxjGkR4KNiAEWys1HPdbqxkbCSqP6XX/k151nOLXsnLgNaJvyTF6hlkqPXcr25fkiSiwhCOte74XmyCFCvDCKezQjfRNMZkjIe0Y6nAEdVBml0+Q5dW6aOBVLaEQZn6eyLFkdbTKLSdETYjverNxf+8TmIGlSBlIk4MFWSxaJBwZD+dx4D6TFFi+NQSTBSztyIywgoTY8Mq2BD81ZfXSbNc8r2S/3hbrFYWaUAezuECrsCHO6jCA9SgAQQm8Ayv8Oakzovz7nwsWnPOcuYU/sD5/AHTPZMe</latexit><latexit sha1_base64="Jefatq4NQr9wWGx7DbJ2a29/JG4=">AAAB+XicbVDLSgNBEOyNrxhf6+PmZTAIXoy7QTDHgBePEfKCZA2zk0kyZHZmmZkNhCV/4sWDIl79E2/+jZNNDppY0FBUddPdFcacaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSZF3UxjGkR4KNiAEWys1HPdbqxkbCSqP6XX/k151nOLXsnLgNaJvyTF6hlkqPXcr25fkiSiwhCOte74XmyCFCvDCKezQjfRNMZkjIe0Y6nAEdVBml0+Q5dW6aOBVLaEQZn6eyLFkdbTKLSdETYjverNxf+8TmIGlSBlIk4MFWSxaJBwZD+dx4D6TFFi+NQSTBSztyIywgoTY8Mq2BD81ZfXSbNc8r2S/3hbrFYWaUAezuECrsCHO6jCA9SgAQQm8Ayv8Oakzovz7nwsWnPOcuYU/sD5/AHTPZMe</latexit><latexit sha1_base64="XNe6Z61pe00EEIzYCAQFXAI4FbU=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwYt0tgj0WvHis0C9o15JNs21oNhuSbKEs/SdePCji1X/izX9j2u5BWx8MPN6bYWZeKDnTxvO+nY3Nre2d3cJecf/g8OjYPTlt6SRVhDZJwhPVCbGmnAnaNMxw2pGK4jjktB2O7+d+e0KVZolomKmkQYyHgkWMYGOlvuv2pEqkSVDjKbv2byqzvlvyyt4CaJ34OSlBjnrf/eoNEpLGVBjCsdZd35MmyLAyjHA6K/ZSTSUmYzykXUsFjqkOssXlM3RplQGKEmVLGLRQf09kONZ6Goe2M8ZmpFe9ufif101NVA0yJmRqqCDLRVHKkf10HgMaMEWJ4VNLMFHM3orICCtMjA2raEPwV19eJ61K2ffK/uNtqVbN4yjAOVzAFfhwBzV4gDo0gcAEnuEV3pzMeXHenY9l64aTz5zBHzifP2Ehkso=</latexit>

Thermal	noise	traces	
resonator	line	shape	

(in	amplitude)	
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Equivalent	Circuit	Model	

27	

Resonator	Bandwidth	

Out-of-Band	
SensiEvity	

Amplifier	
Noise	

To	maximize	signal-to-noise…	
	
•  Large	volume:		

	
•  Minimize	R	(sets	Q):		

•  Goal:	
		

•  Decrease	temperature:		
	
•  Minimize	readout	noise	

•  Determines	scan	depth/:me	
•  S:ll	want	quantum-limited	amps!	

Looking	for	excess	power	
above	thermal	noise	

Φ
R

LC
Lsheath

Linput

Φ
resonator slitted

sheath SQUID

dark matter signal

Q ⇠ QDM ⇠ 106
<latexit sha1_base64="ojlLB9RHsbU02cENbZq87y4fl7M=">AAACBXicbVDJSgNBEK1xjXEbl5seGoPgKcyIqCcJ6MGLkIBZIImhp9NJmvQsdNeIYcjFi7/ixYMiXv0Hb/6NnUkOmvig4PFeFVX1vEgKjY7zbc3NLywuLWdWsqtr6xub9tZ2RYexYrzMQhmqmkc1lyLgZRQoeS1SnPqe5FWvfznyq/dcaREGtziIeNOn3UB0BKNopJa9X2po4ZNSK2kgf8Dk6mY4TBXXuTtt2Tkn76Qgs8SdkFxhF1IUW/ZXox2y2OcBMkm1rrtOhM2EKhRM8mG2EWseUdanXV43NKA+180k/WJIDo3SJp1QmQqQpOrviYT6Wg98z3T6FHt62huJ/3n1GDvnzUQEUYw8YONFnVgSDMkoEtIWijOUA0MoU8LcSliPKsrQBJc1IbjTL8+SynHedfJu6SRXuBinARnYgwM4AhfOoADXUIQyMHiEZ3iFN+vJerHerY9x65w1mdmBP7A+fwDtCJg1</latexit><latexit sha1_base64="ojlLB9RHsbU02cENbZq87y4fl7M=">AAACBXicbVDJSgNBEK1xjXEbl5seGoPgKcyIqCcJ6MGLkIBZIImhp9NJmvQsdNeIYcjFi7/ixYMiXv0Hb/6NnUkOmvig4PFeFVX1vEgKjY7zbc3NLywuLWdWsqtr6xub9tZ2RYexYrzMQhmqmkc1lyLgZRQoeS1SnPqe5FWvfznyq/dcaREGtziIeNOn3UB0BKNopJa9X2po4ZNSK2kgf8Dk6mY4TBXXuTtt2Tkn76Qgs8SdkFxhF1IUW/ZXox2y2OcBMkm1rrtOhM2EKhRM8mG2EWseUdanXV43NKA+180k/WJIDo3SJp1QmQqQpOrviYT6Wg98z3T6FHt62huJ/3n1GDvnzUQEUYw8YONFnVgSDMkoEtIWijOUA0MoU8LcSliPKsrQBJc1IbjTL8+SynHedfJu6SRXuBinARnYgwM4AhfOoADXUIQyMHiEZ3iFN+vJerHerY9x65w1mdmBP7A+fwDtCJg1</latexit><latexit sha1_base64="ojlLB9RHsbU02cENbZq87y4fl7M=">AAACBXicbVDJSgNBEK1xjXEbl5seGoPgKcyIqCcJ6MGLkIBZIImhp9NJmvQsdNeIYcjFi7/ixYMiXv0Hb/6NnUkOmvig4PFeFVX1vEgKjY7zbc3NLywuLWdWsqtr6xub9tZ2RYexYrzMQhmqmkc1lyLgZRQoeS1SnPqe5FWvfznyq/dcaREGtziIeNOn3UB0BKNopJa9X2po4ZNSK2kgf8Dk6mY4TBXXuTtt2Tkn76Qgs8SdkFxhF1IUW/ZXox2y2OcBMkm1rrtOhM2EKhRM8mG2EWseUdanXV43NKA+180k/WJIDo3SJp1QmQqQpOrviYT6Wg98z3T6FHt62huJ/3n1GDvnzUQEUYw8YONFnVgSDMkoEtIWijOUA0MoU8LcSliPKsrQBJc1IbjTL8+SynHedfJu6SRXuBinARnYgwM4AhfOoADXUIQyMHiEZ3iFN+vJerHerY9x65w1mdmBP7A+fwDtCJg1</latexit><latexit sha1_base64="9scuuyXgBk86VQnNhR/2ImEugv8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE1JUUdOFGaME+oIlhMp22QycPZm7EErJx46+4caGIW//BnX/jtM1CWw9cOJxzL/fe48eCK7Csb6OwsLi0vFJcLa2tb2xumds7TRUlkrIGjUQk2z5RTPCQNYCDYO1YMhL4grX84eXYb90zqXgU3sIoZm5A+iHvcUpAS565X3cUD3DdSx1gD5Be3WTZRLGtu1PPLFsVawI8T+yclFGOmmd+Od2IJgELgQqiVMe2YnBTIoFTwbKSkygWEzokfdbRNCQBU246+SLDh1rp4l4kdYWAJ+rviZQESo0CX3cGBAZq1huL/3mdBHrnbsrDOAEW0umiXiIwRHgcCe5yySiIkSaESq5vxXRAJKGggyvpEOzZl+dJ87hiWxW7flKuXuRxFNEeOkBHyEZnqIquUQ01EEWP6Bm9ojfjyXgx3o2PaWvByGd20R8Ynz967Jfh</latexit>

SNR / V 5/6
<latexit sha1_base64="gy16rD2ye6dAMZxyuth4td7vHFA=">AAACA3icbVDJSgNBFHwTtxi3uJz00hgET3FGXHIMePEkcckCSQw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2loNGCxqKqvd4XeWGUmi07S8rNTM7N7+QXswsLa+srmXXNyo6iBTjZRbIQNVcqrkUPi+jQMlroeLUcyWvuv2zoV+940qLwL/BQcibHu36oiMYRSO1stsN5PcYX19cJaQRqiDEgFRu4+ODk6SVzdl5ewTylzgTkituwQilVvaz0Q5Y5HEfmaRa1x07xGZMFQomeZJpRJqHlPVpl9cN9anHdTMeZUjInlHapBMo83wkI/XnRkw9rQeeayY9ij097Q3F/7x6hJ1CMxZ+GCH32fhQJ5LEBB0WQtpCcYZyYAhlSpi/EtajijI0tWVMCc505L+kcph37LxzeZQrFsZtQBp2YBf2wYFTKMI5lKAMDB7gCV7g1Xq0nq036308mrImO5vwC9bHN7U+l4s=</latexit><latexit sha1_base64="gy16rD2ye6dAMZxyuth4td7vHFA=">AAACA3icbVDJSgNBFHwTtxi3uJz00hgET3FGXHIMePEkcckCSQw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2loNGCxqKqvd4XeWGUmi07S8rNTM7N7+QXswsLa+srmXXNyo6iBTjZRbIQNVcqrkUPi+jQMlroeLUcyWvuv2zoV+940qLwL/BQcibHu36oiMYRSO1stsN5PcYX19cJaQRqiDEgFRu4+ODk6SVzdl5ewTylzgTkituwQilVvaz0Q5Y5HEfmaRa1x07xGZMFQomeZJpRJqHlPVpl9cN9anHdTMeZUjInlHapBMo83wkI/XnRkw9rQeeayY9ij097Q3F/7x6hJ1CMxZ+GCH32fhQJ5LEBB0WQtpCcYZyYAhlSpi/EtajijI0tWVMCc505L+kcph37LxzeZQrFsZtQBp2YBf2wYFTKMI5lKAMDB7gCV7g1Xq0nq036308mrImO5vwC9bHN7U+l4s=</latexit><latexit sha1_base64="gy16rD2ye6dAMZxyuth4td7vHFA=">AAACA3icbVDJSgNBFHwTtxi3uJz00hgET3FGXHIMePEkcckCSQw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2loNGCxqKqvd4XeWGUmi07S8rNTM7N7+QXswsLa+srmXXNyo6iBTjZRbIQNVcqrkUPi+jQMlroeLUcyWvuv2zoV+940qLwL/BQcibHu36oiMYRSO1stsN5PcYX19cJaQRqiDEgFRu4+ODk6SVzdl5ewTylzgTkituwQilVvaz0Q5Y5HEfmaRa1x07xGZMFQomeZJpRJqHlPVpl9cN9anHdTMeZUjInlHapBMo83wkI/XnRkw9rQeeayY9ij097Q3F/7x6hJ1CMxZ+GCH32fhQJ5LEBB0WQtpCcYZyYAhlSpi/EtajijI0tWVMCc505L+kcph37LxzeZQrFsZtQBp2YBf2wYFTKMI5lKAMDB7gCV7g1Xq0nq036308mrImO5vwC9bHN7U+l4s=</latexit><latexit sha1_base64="wGbKp/Hl/jJZ4LT2djYfGMZlCjM=">AAACA3icbVDJSgNBFOyJW4zbqDe9NAbBU5wRlxwDXjxJXLJAZgw9nU7SpGeh+40YhgEv/ooXD4p49Se8+Td2kjloYkFDUfUer6u8SHAFlvVt5ObmFxaX8suFldW19Q1zc6uuwlhSVqOhCGXTI4oJHrAacBCsGUlGfE+whjc4H/mNeyYVD4NbGEbM9Ukv4F1OCWipbe44wB4gubm8TrETyTCCENfvkpPD07RtFq2SNQaeJXZGiihDtW1+OZ2Qxj4LgAqiVMu2InATIoFTwdKCEysWETogPdbSNCA+U24yzpDifa10cDeU+gWAx+rvjYT4Sg19T0/6BPpq2huJ/3mtGLplN+FBFAML6ORQNxZYBx0VgjtcMgpiqAmhkuu/YtonklDQtRV0CfZ05FlSPyrZVsm+Oi5WylkdebSL9tABstEZqqALVEU1RNEjekav6M14Ml6Md+NjMpozsp1t9AfG5w9DIpc3</latexit>

/ Q1/4
<latexit sha1_base64="jiU9TajvBV9hGFxlhj3z/Q+13eU=">AAAB+HicbVDLTgJBEOzFF+KD9XHzspGYeMJdQyJHEi8eIZFHAiuZHQaYMDszmZk1wQ1f4sWDxnj1U7z5Nw4LBwUr6aRS1Z3urkgyqo3vfzu5jc2t7Z38bmFv/+Cw6B4dt7RIFCZNLJhQnQhpwignTUMNIx2pCIojRtrR5Hbutx+J0lTwezOVJIzRiNMhxchYqe8We1IJaYTXeEiDq8qs75b8sp/BWyfBkpRqp5Ch3ne/egOBk5hwgxnSuhv40oQpUoZiRmaFXqKJRHiCRqRrKUcx0WGaHT7zLqwy8IZC2eLGy9TfEymKtZ7Gke2MkRnrVW8u/ud1EzOshinlMjGE48WiYcI8++g8BW9AFcGGTS1BWFF7q4fHSCFsbFYFG0Kw+vI6aV2XA78cNCqlWnWRBuThDM7hEgK4gRrcQR2agCGBZ3iFN+fJeXHenY9Fa85ZzpzAHzifP2NVkuY=</latexit><latexit sha1_base64="jiU9TajvBV9hGFxlhj3z/Q+13eU=">AAAB+HicbVDLTgJBEOzFF+KD9XHzspGYeMJdQyJHEi8eIZFHAiuZHQaYMDszmZk1wQ1f4sWDxnj1U7z5Nw4LBwUr6aRS1Z3urkgyqo3vfzu5jc2t7Z38bmFv/+Cw6B4dt7RIFCZNLJhQnQhpwignTUMNIx2pCIojRtrR5Hbutx+J0lTwezOVJIzRiNMhxchYqe8We1IJaYTXeEiDq8qs75b8sp/BWyfBkpRqp5Ch3ne/egOBk5hwgxnSuhv40oQpUoZiRmaFXqKJRHiCRqRrKUcx0WGaHT7zLqwy8IZC2eLGy9TfEymKtZ7Gke2MkRnrVW8u/ud1EzOshinlMjGE48WiYcI8++g8BW9AFcGGTS1BWFF7q4fHSCFsbFYFG0Kw+vI6aV2XA78cNCqlWnWRBuThDM7hEgK4gRrcQR2agCGBZ3iFN+fJeXHenY9Fa85ZzpzAHzifP2NVkuY=</latexit><latexit sha1_base64="jiU9TajvBV9hGFxlhj3z/Q+13eU=">AAAB+HicbVDLTgJBEOzFF+KD9XHzspGYeMJdQyJHEi8eIZFHAiuZHQaYMDszmZk1wQ1f4sWDxnj1U7z5Nw4LBwUr6aRS1Z3urkgyqo3vfzu5jc2t7Z38bmFv/+Cw6B4dt7RIFCZNLJhQnQhpwignTUMNIx2pCIojRtrR5Hbutx+J0lTwezOVJIzRiNMhxchYqe8We1IJaYTXeEiDq8qs75b8sp/BWyfBkpRqp5Ch3ne/egOBk5hwgxnSuhv40oQpUoZiRmaFXqKJRHiCRqRrKUcx0WGaHT7zLqwy8IZC2eLGy9TfEymKtZ7Gke2MkRnrVW8u/ud1EzOshinlMjGE48WiYcI8++g8BW9AFcGGTS1BWFF7q4fHSCFsbFYFG0Kw+vI6aV2XA78cNCqlWnWRBuThDM7hEgK4gRrcQR2agCGBZ3iFN+fJeXHenY9Fa85ZzpzAHzifP2NVkuY=</latexit><latexit sha1_base64="2GQKRy/r17um1GRy9A8FY33YTIQ=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7orBXssePHYgv2Adi3ZNNuGZrMhyQp16S/x4kERr/4Ub/4b03YP2vpg4PHeDDPzQsmZNp737Wxsbm3v7Bb2ivsHh0cl9/ikrZNUEdoiCU9UN8SaciZoyzDDaVcqiuOQ0044uZ37nUeqNEvEvZlKGsR4JFjECDZWGrilvlSJNAlqPmT+VXU2cMtexVsArRM/J2XI0Ri4X/1hQtKYCkM41rrne9IEGVaGEU5nxX6qqcRkgke0Z6nAMdVBtjh8hi6sMkRRomwJgxbq74kMx1pP49B2xtiM9ao3F//zeqmJakHGhEwNFWS5KEo5so/OU0BDpigxfGoJJorZWxEZY4WJsVkVbQj+6svrpH1d8b2K36yW67U8jgKcwTlcgg83UIc7aEALCKTwDK/w5jw5L86787Fs3XDymVP4A+fzB/EqkpI=</latexit>

/ T�1/2
<latexit sha1_base64="Jefatq4NQr9wWGx7DbJ2a29/JG4=">AAAB+XicbVDLSgNBEOyNrxhf6+PmZTAIXoy7QTDHgBePEfKCZA2zk0kyZHZmmZkNhCV/4sWDIl79E2/+jZNNDppY0FBUddPdFcacaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSZF3UxjGkR4KNiAEWys1HPdbqxkbCSqP6XX/k151nOLXsnLgNaJvyTF6hlkqPXcr25fkiSiwhCOte74XmyCFCvDCKezQjfRNMZkjIe0Y6nAEdVBml0+Q5dW6aOBVLaEQZn6eyLFkdbTKLSdETYjverNxf+8TmIGlSBlIk4MFWSxaJBwZD+dx4D6TFFi+NQSTBSztyIywgoTY8Mq2BD81ZfXSbNc8r2S/3hbrFYWaUAezuECrsCHO6jCA9SgAQQm8Ayv8Oakzovz7nwsWnPOcuYU/sD5/AHTPZMe</latexit><latexit sha1_base64="Jefatq4NQr9wWGx7DbJ2a29/JG4=">AAAB+XicbVDLSgNBEOyNrxhf6+PmZTAIXoy7QTDHgBePEfKCZA2zk0kyZHZmmZkNhCV/4sWDIl79E2/+jZNNDppY0FBUddPdFcacaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSZF3UxjGkR4KNiAEWys1HPdbqxkbCSqP6XX/k151nOLXsnLgNaJvyTF6hlkqPXcr25fkiSiwhCOte74XmyCFCvDCKezQjfRNMZkjIe0Y6nAEdVBml0+Q5dW6aOBVLaEQZn6eyLFkdbTKLSdETYjverNxf+8TmIGlSBlIk4MFWSxaJBwZD+dx4D6TFFi+NQSTBSztyIywgoTY8Mq2BD81ZfXSbNc8r2S/3hbrFYWaUAezuECrsCHO6jCA9SgAQQm8Ayv8Oakzovz7nwsWnPOcuYU/sD5/AHTPZMe</latexit><latexit sha1_base64="Jefatq4NQr9wWGx7DbJ2a29/JG4=">AAAB+XicbVDLSgNBEOyNrxhf6+PmZTAIXoy7QTDHgBePEfKCZA2zk0kyZHZmmZkNhCV/4sWDIl79E2/+jZNNDppY0FBUddPdFcacaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSZF3UxjGkR4KNiAEWys1HPdbqxkbCSqP6XX/k151nOLXsnLgNaJvyTF6hlkqPXcr25fkiSiwhCOte74XmyCFCvDCKezQjfRNMZkjIe0Y6nAEdVBml0+Q5dW6aOBVLaEQZn6eyLFkdbTKLSdETYjverNxf+8TmIGlSBlIk4MFWSxaJBwZD+dx4D6TFFi+NQSTBSztyIywgoTY8Mq2BD81ZfXSbNc8r2S/3hbrFYWaUAezuECrsCHO6jCA9SgAQQm8Ayv8Oakzovz7nwsWnPOcuYU/sD5/AHTPZMe</latexit><latexit sha1_base64="XNe6Z61pe00EEIzYCAQFXAI4FbU=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwYt0tgj0WvHis0C9o15JNs21oNhuSbKEs/SdePCji1X/izX9j2u5BWx8MPN6bYWZeKDnTxvO+nY3Nre2d3cJecf/g8OjYPTlt6SRVhDZJwhPVCbGmnAnaNMxw2pGK4jjktB2O7+d+e0KVZolomKmkQYyHgkWMYGOlvuv2pEqkSVDjKbv2byqzvlvyyt4CaJ34OSlBjnrf/eoNEpLGVBjCsdZd35MmyLAyjHA6K/ZSTSUmYzykXUsFjqkOssXlM3RplQGKEmVLGLRQf09kONZ6Goe2M8ZmpFe9ufif101NVA0yJmRqqCDLRVHKkf10HgMaMEWJ4VNLMFHM3orICCtMjA2raEPwV19eJ61K2ffK/uNtqVbN4yjAOVzAFfhwBzV4gDo0gcAEnuEV3pzMeXHenY9l64aTz5zBHzifP2Ehkso=</latexit>

Thermal	noise	traces	
resonator	line	shape	

More	details:	See	Kent	Irwin’s	talk	or	
Chaudhuri	et	al	
Fundamental	limits	of	electromagneEc	axion	
and	hidden-photon	dark	ma7er	searches	
arXiv:1803.01627	
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700	mL	Pilot	construcEon	through	SLAC	LDRD	
•  Focus	on	hidden	photons	
•  T=4K	(Helium	Dip	Probe)	
•  Frequency/Mass	Range:							 															

•  100	kHz	–	10	MHz	/	500	peV	–	50	neV	

4K	Dip	Probe	

28	

Cryoperm-lined	
	LHe	dewar	

Nb	Shield	
Science	scans	begin	Fall	2018!	

Nb	Hex	Capacitor	

Nb	SliPed	Sheath	

Moveable	
Sapphire	dielectrics	

9.5	
inches	
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Resonator	
•  40-turn	NbTi	coil	(~53	uH)	
•  2	nF	sapphire	capacitor	
•  Resonance	at	~500	kHz	
•  100	mL	detec:on	volume	
	

Pickup	Transformer	
•  Equivalent	to	“sliPed	sheath”	
•  Single-turn	coil	(~750	nH)	
•  Connected	to	SQUID	input	coil	

	
Readout	

•  Re-purposed	SQUID	we	designed	for	
TES	readout	

•  Nb	wirebonds	to	input	coil	
	

CalibraEon	
•  Single-turn	injec:on	coil	
•  Direct	injec:on	into	transformer	coil	
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Q-factor	improvement	from	
2,800	à	44,380	
•  Switch	to	Nb	wirebonds	
•  Remove	or	solder-coat	all	normal-

metal	hardware	
•  Clean	up	amplifier	noise	

About	30	bandwidths	of	
out-of-band	sensi:vity!	
Preliminary	check:	
No	5σ	power	excess	

PRELIMINARY	

Higher	Q	expected	from	Pilot	
•  10x	higher	characteris:c	impedance	
•  Vacuum-gap	Nb	capacitor	
•  BePer	B-field	containment	
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Fit

5.6	hr	
integraEon	
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ANALYSIS	
NOT	FINALIZED	
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1.5 year scans

Phase I/II at T=0.01K with

optimized amplifiers at the SQL
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1.5 year scans

Phase I/II at T=0.01K with

optimized amplifiers at the SQL
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Detector	 Detector	
Volume	

Target	Candidates	 OperaEng	
Temp	

Frequency/Mass	
Range	

Status	

Fixed	
Resonator	

100	mL	 Hidden	photons	 4.2	K	 500	kHz	
1	neV	

Analysis	

Pilot	 700	mL	 Hidden	photons	 4.2	K	 100	kHz	–	10	MHz	
500	peV	–	50	neV	

Science	scans	
begin	Fall	
2018	

Phase	I	 50	L	 Hidden	photons	
and	axions	

10	mK	 10	kHz	–	10	MHz	
50	peV	–	50	neV	

Dil.	fridge	
arrives	Nov.	
2018	

Phase	II	 1	m3	 Hidden	photons	
and	axions	

10	mK	 100	Hz	– 300	MHz	
~1	peV	–	~1	μeV	

Planning	

With	a	dilu:on	refrigerator…	
•  Use	aluminum	instead	of	Nb	
•  Add	magne:c	field	for	axions	
•  Quantum-limited	amplifiers 		
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