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nuclear magnetic resonance



¨ A gross misunderstanding of gravity (MOND, …) L?
¨ Proca MHD (finite photon mass)            ?
¨ Black holes, dark planets, interstellar gas, … L

¨ WIMPS    J

¨ Ultralight bosonic particles
¡ Axions (pseudoscalar) J

¡ ALPs (pseudoscalar) J

¡ Dilatons (scalar) J

¡ Vector  particles J

¡ Tensor particles ??? 
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¨ Galactic DM density: ~0.4 GeV/cm3 (10 GeV/cm3 d.g.)
¨ Has to be nonrelativistic: v/c ~ 10-3 (cold DM)
¨ Has to be bosonic if  m < ~ 20 eV (1 keV dwarf galaxies)
¨ ”Bosonic Oscillator” with Q ~ (v/c)-2 ~ 106

¨ Cannot be lighter than ~ 10-22 eV
¨ … (e.g., BEC ?)               
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Ø Big clean-up ?
§ Strong CP problem
§ Dark Matter
§ Dark Energy
§ Baryon asymmetry of the Universe
§ Hierarchy?
§ …
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http://earthsky.org/space/
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CASPEr Overview
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Key ideas:

• Axion (ALP) field oscillates

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

• è time varying CP-odd nuclear moments:

• nEDM, Schiff, …

• Also: axion wind (like a magnetic field)

• v ~ 10-3 c (virial velocity)

• Coherence time: [ma(v/c)2]-1 è Q~106

CASPEr-Electric

CASPEr-Wind



9

Resonance:

Nuclear Magnetic Resonance (NMR)
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SQUID
pickup
loop

Larmor frequency = axion mass ➔ resonant enhancement

CASPEr

axion “wind”
OR

SQUID measures resulting transverse magnetization

Example materials: liquid 129Xe, ferroelectric PbTiO3
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Experimental constraints and projected sensitivities of 
axion dark-matter searches

David DeMille, John. Doyle, and Alexander Sushkov. Science 2017;357:990-994
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No need to polarize in 
spin-noise 

spectroscopy
è small N
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J-coupling

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)

C. P. Slichter

Erwin L. Hahn

I1
I2

r12

Dipole-dipole	interaction

𝐻 ∝
𝑰2 3 𝑰4
𝑟246

1 − 3𝑐𝑜𝑠4𝜃

averages by tumbling

J-coupling
𝐻 = 𝐽𝑰2 3 𝑰4

survives tumbling!
☞ second-order hyperfine
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Parahydrogen induced polarization (PHIP)

C. R. Bowers           Daniel P. Weitekamp

Transformation of symmetrization order to nuclear-spin magnetization 
by chemical reaction and nuclear magnetic resonance

PRL 57 (21): 2645–2648 (1986)
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Odd J Even J
http://en.wikipedia.org
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.

51% para @  77K

99.9% para @ 4K

Spin-Statistics 
in action!
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EthylbenzeneStyrene
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Natural Abundance
1.1% of 13C



NMR 
without any 
magnets!
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• ~ 100 µl samples
• First-order line positions are well resolved
• Line structure reports higher-order couplings
• 11 mHz linewidth (HWHM): high resolution

System (A,X: spin 1/2) Transitions 
@

AX J
AX2 3J/2
AX J and 2J



135 (9) (2013)
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² Cosmic Axion Spin Precession Experiment
☛ CASPEr-E

☛ CASPEr-Wind/ZULF/Now New

✧ Zero- and Ultralow-Field NMR
☛ ParaHydrogen Induced Polarization

☛ J-coupling spectroscopy @ ZULF

☛ NV-ZULF NMR New

✧ Chiral parity violation in NMR New
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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 video)
¨ 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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1. So what about parity violation in chiral molecules?
2. What was that Maxwell-Proca galactic business?
3. What are some other ways to search for DM axions? (GNOME video)
4. Tell us more about single-spin NMR
5. What is the latest in atomic and diamond magnetometers? 
6. Can you do magnetic resonance 100 km up in the sky?
7. What is Physics on Your Feet?
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Phys. Rev. A 96, 042119 – Published 30 October 2017
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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=20 T ➜ ~ 1 mHz line shifts

• No way in a mixture…
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45“Built-in comagnetometer” !!!
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• Measure chiral PNC w/ racemic mixtures

• Built-in 1H “comagnetometer”

• Systematics seem tractable

• It may, indeed, be possible to detect chiral PNC in NMR



arXiv:1708.09514
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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
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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 dark matter

• 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
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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 

Peter Graham



58

CASPEr-Wind: projected sensitivity



59budker.uni-mainz.de/gnome/ Video by Dr. Arne Wickenbrock



Laser Guide-Star magnetometry

Magnetometry with mesospheric sodium
James M. Higbiea,1, Simon M. Rochesterb, Brian Pattonb, Ronald Holzlöhnerc,
Domenico Bonaccini Caliac, and Dmitry Budkerb,d

aDepartment of Physics and Astronomy, Bucknell University, Lewisburg, PA 17837; bDepartment of Physics, University of California, Berkeley,
CA 94720-7300; cLaser Systems Department, European Southern Observatory, D-85748 Garching near Munich, Germany; and dNuclear Science Division,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Edited by William Happer, Princeton University, Princeton, NJ, and approved December 30, 2010 (received for review September 16, 2010)

Measurement of magnetic fields on the few 100-km length scale is
significant for many geophysical applications includingmapping of
crustal magnetism and ocean circulation measurements, yet avail-
able techniques for such measurements are very expensive or of
limited accuracy. We propose a method for remote detection of
magnetic fields using the naturally occurring atomic sodium-rich
layer in the mesosphere and existing high-power lasers developed
for laser guide star applications. The proposed method offers a
dramatic reduction in cost and opens the way to large-scale, par-
allel magnetic mapping and monitoring for atmospheric science,
navigation, and geophysics.

atomic physics ∣ geomagnetism ∣ optical pumping

Measurements of geomagnetic fields are an important tool
for peering into the Earth’s interior, with measurements

at differing spatial scales giving information about sources at cor-
responding depths. Mapping of fields on the few meter scale can
locate buried ferromagnetic objects (e.g., unexploded ordnance
or abandoned vessels containing toxic waste), whereas maps of
magnetic fields on the kilometer scale are used to locate geolo-
gical formations promising for mineral or oil extraction. On the
largest scale, the Earth’s dipole field gives information about the
geodynamo at depths of several thousand kilometers. Magnetic-
field variations at intermediate length scales, in the range of
several tens to several hundreds of kilometers likewise offer a
window into important scientific phenomena, including the beha-
vior of the outer mantle, the solar quiet dynamo in the ionosphere
(1), and ionic currents as probes of ocean circulation (2), a major
actor in models of climate change. To avoid contamination from
local perturbations, measurements of such slowly varying compo-
nents of the magnetic field must typically be made at a significant
height above the Earth’s surface (e.g., measurements of compo-
nents with a spatial-variation scale of 100 km require an altitude
of approximately 100 km) and with high sensitivity (on the order
of 1 nT). Though magnetic mapping at high altitude has been
realized with satellite-born magnetic sensors (3–5), the great ex-
pense of multisatellite missions places significant limitations on
their deployment and use. Here, we introduce a high-sensitivity
ground-based method of measuring magnetic fields from sources
near Earth’s surface with 100 km spatial resolution.* The method
exploits the naturally occurring atomic sodium layer in the meso-
sphere and the significant technological infrastructure developed
for astronomical laser guide stars (LGS). This method promises
to enable creation of geomagnetic observatories and of regional
or global sensor arrays for continuous mapping and monitoring of
geomagnetic fields without interference from ground-based
sources.

Overview of Technique
The measurement we envisage is a form of atomic magnetometry,
adapted to the conditions of the mesosphere. The principle is to
measure spin precession of sodium atoms by spin-polarizing
them, allowing them to evolve coherently in the magnetic field,
and determining the postevolution spin state. Spin polarization of
mesospheric sodium is achieved by optical pumping, as proposed
in the seminal paper on sodium LGS by Happer et al. (6). In the

simplest realization, the pumping laser beam is circularly polar-
ized and is launched from a telescope at an angle nearly perpen-
dicular to the local magnetic field, as shown in Fig. 1. The
magnetic field causes transverse polarization to precess around
the field at the Larmor frequency. To avoid “smearing” of atomic
polarization by this precession, the optical-pumping rate is modu-
lated near the Larmor frequency, as first demonstrated by Bell
and Bloom (7). When the modulation and Larmor frequencies
coincide, a resonance results, and a substantial degree of atomic
polarization is obtained. The atomic polarization in turn modifies
the sodium fluorescence, which is detected by a ground-based
telescope, allowing the sodium atoms to serve as a remote sensor
of the magnitude of the magnetic field in the mesosphere. Spe-
cifically, the resonance manifests itself as a sharp increase in the
returned fluorescence for the D2 line of sodium, or a decrease for
theD1 line, as a function of the modulation frequency. By station-

Fig. 1. Fluorescent detection of magneto-optical resonance of mesospheric
sodium. (Diagram not to scale.) Circularly polarized laser light at 589 nm,
modulated near the Larmor frequency, pumps atoms in the mesosphere.
The resulting spin polarization (pictured as instantaneously oriented along
the laser beam propagation direction) precesses around the local magnetic
field. Fluorescence collected by a detection telescope exhibits a resonant
dependence on the modulation frequency.

Author contributions: J.M.H., S.M.R., B.P., R.H., D.B.C., and D.B. performed research,
analyzed data, and wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

*We note that resolution, as used here, refers to the ability to distinguish fields from se-
parate sources. Sources on the Earth’s surface produce fields in the mesosphere which
vary only over 100-km distances; closer sources, however, such as those in the ionosphere,
could be detected in the mesosphere with a spatial resolution substantially better
than 100 km.

1To whom correpondence should be addressed. E-mail: jhigbie@gmail.com.

3522–3525 ∣ PNAS ∣ March 1, 2011 ∣ vol. 108 ∣ no. 9 www.pnas.org/cgi/doi/10.1073/pnas.1013641108

PNAS 108, 3522 (2011). Brian Patton
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Magneto-optical resonance of 
mesospheric sodium
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Magnetometer…in the sky!
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Magnetometer…in the sky!
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64Graduate student Georgios Chatzidrosos adjusting an NV-diamond magnetometer
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There is more to do with ZULF NMR!
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