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nuclear magnetic resonance



= A gross misunderstanding of gravity (MOND, ...)
= Proca MHD (finite photon mass)

= Black holes, dark planets, interstellar gas, ...
m WIMPS
= Ultralight bosonic particles

= Axions (pseudoscalar)
= ALPs (pseudoscalar)
= Dilatons (scalar)

= Vector particles

= Tensor particles
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= Galactic density: ~0.4 GeV/cm?® (10 GeV/cm? d.g.)
= Has to be nonrelativistic: v/c ~ 10 (cold DM)

= Has to be bosonic if m <~ 20 eV (1 keV dwart galaxies)
= “Bosonic Oscillator” with Q ~ (v/c)2 ~ 10°

= Cannot be lighter than ~ 10> eV

= ... (e.g., BEC?)




> Big clean-up ?
= Strong CP problem

Baryon asymmetry of the Universe

Hierarchy?

http:/ /earthsky.org/space/



Axion (ALP) Interactions
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CASPEr Overview

Key 1deas:

* Axion (ALP) field oscillates

* at a frequency equal to its mass (mHz to GHz)

* = time varying CP-odd nuclear moments:

- nEDM, Schif, .. e

* Also: axion wind (like a magnetic field)

e v ~ 107 ¢ (virial Velocity)

« Coherence time: [m,(v/c)’]? = Q~10°



Nuclear Magnetic Resonance (NMR)
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Larmor frequency = axion mass =>» resonant enhancement
SQUID measures resulting transverse magnetization

Example materials: liquid 2°Xe, ferroelectric PbTiO3
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Experimental constraints and projected sensitivities of
axion dark-matter searches

Science

David DeMille, John. Doyle, and Alexander Sushkov. Science 2017;357:990-994 AVAAAS



Micah Ledbetter
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No need to polarize in
SpIN-Noise

spectroscopy
=» small N
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J-coupling

T Dipole-dipole interaction
2

I, -1
H o« — - 2 (1 — 3c0s20)
12

"2 averages by tumbling

I-coupling
H=]I I,
survives tumbling!
=~ second-order hyperfine

Hahn, E.L. & Maxwell, D.E. Phys. Rev. 84 1246-1247 (1952)

Gutowsky, H.S., McCall, D.W., & Slichter, C.P. J. Chem. Phys. 21, 279-292 (1953)
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Parahydrogen induced polarization (PHIP)

Transformation of symmetrization order to nuclear-spin magnetization
by chemical reaction and nuclear magnetic resonance
PRL 57 (21): 2645-2648 (1986)



SPIN ISOMERS OF MOLECULAR HYDROGEN

PROTON SPIN PROTON SPIN

COVALENT BOND

ORTHOHYDROEGEN

Odd J Even J

http://en.wikipedia.org
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51% para @ 77K

99.9% para @ 4K

Spin-Statistics
& in action!

1000 150 200 250 300
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Magnetic
shields
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Styrene

PhsP

Ethylbenzene
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Natural Abundance

1.1% of 13C
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NMR
without any
magnets!



John Blanchard
In 203 Birge Hall



~ 100 pl samples

First-order line positions are well resolved
Line structure reports higher-order couplings
11 mHz linewidth (HWHM): high resolution
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< Cosmic Axion Spin Precession Experiment
w CASPEr-E
w- CASPEr-Wind/ZULF/Now New

< Zero- and Ultralow-Field NMR

w ParaHydrogen Induced Polarization
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So what about parity violation in chiral molecules?

What was that Maxwell-Proca galactic business?

What are some other ways to search for DM axions? (GNOME
Tell us more about single-spin NMR

What is the latest in atomic and diamond magnetometers?
Can you do magnetic resonance 100 km up in the sky?

What is Physics on Your Feet?
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Phys. Rev. A 96, 042119
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Why do chiral molecules have
first-order PNC energy shifts ?
(While this is normally forbidden)
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PNC in chiral mol.=¥» energy shift
PNC in NMR =¥ Nucl.Spin.Dep PNC

B=20T =» ~ 1 mHz line shifts

No way in a mixture...
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“Built-in comagnetometer” !!!



* Measure chiral PNC w/ racemic mixtures
* Built-in 'H “comagnetometer”
* Systematics seem tractable

* [t may, indeed, be possible to detect chiral PNC in NMR
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A hypothetical effect
of
Maxwell-Proca electromagnetic stresses
on
galaxy rotation curves

D.D. Ryutov, Dmitry Budker, and V.V. Flambaum

arXiv:1708.09514
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Dmitri Ryutov Wins 2017
Maxwell Prize for Plasma Physics
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NGC 4414, a typical spiral galaxy,

is about 55,000 light-years in
diameter and approximately 60

million light-years away from
Earth

Key points:
Sufficiently strong forces to
explain galactic rotation

curves without

The effect of mass is indirect,
through MHD
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NGC 4414, a typical spiral galaxy,

is about 55,000 light-years in
diameter and approximately 60

million light-years away from
Earth

51



52



Karl van Bibber

53






Karl van Bibber
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The principle of the microwave-cavity haloscopes:
ADMX, HAYSTACK, CAPP, ORGAN

Karl van Bibber
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New Haloscope Proposals: ABRACADABRA (MIT) and DM Radio
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CASPEr-Wind: projected sensitivity
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budker.uni-mainz.de

nome
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Laser Guide-Star magnetometry

Magnetometry with mesospheric sodium

James M. Higbie*', Simon M. Rochester®, Brian Patton®, Ronald Holzléhner,

Domenico Bonaccini Calia%, and Dmitry Budker®® PNAS 108, 3522 (2011).




Magneto-optical resonance of
mesospheric sodium



Magnetometer...1n the sky!
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Magnetometer...1n the sky!
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Graduate student Georgios Chatzidrosos adjusting an NV-diamond magnetometer
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There 1s more to do with ZULF NMR!
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