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Most people here:
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Projectile = p Target = many 235U

Low-energy nuclear physics:

vP ≈ c0 vT = 0
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"Nuclear Dynamics" in Low-Energy Nuclear Physics
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Projectile = p Target = many 235U

vP ≈ c0 vT = 0

CERN/ISOLDE yield

Stable
Mass known

Low-energy nuclear physics:
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Low-energy nuclear physics:

Low-Energy Nuclear Physics: Binding Energies

5

Projectile = p Target = many 235U

vP ≈ c0 vT = 0

Mnucleus = N ⋅ mn + Z ⋅ mp

−EB/c2

100
50 Sn50

50 × p

50 × n
&

→ direct access to the 
nuclear binding energy, 

thus to all underlying 
interactions!

Ion Trap
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Low-Energy Nuclear Physics: Binding Energies
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Projectile = p Target = many 235U

vP ≈ c0 vT = 0

Mnucleus = N ⋅ mn + Z ⋅ mp

−EB/c2

100
50 Sn50

50 × p

50 × n
&

δM/M ∼ 10−6 − 10−9

± 1000 ft!

Ion Trap
Low-energy nuclear physics:
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Projectile = p Target = many 235U

vP ≈ c0 vT = 0

Mnucleus = N ⋅ mn + Z ⋅ mp

−EB/c2

100
50 Sn50

50 × p

50 × n
&

δM/M ∼ 10−6 − 10−9

± 1000 ft!

Ion Trap
Low-energy nuclear physics:

LEBIT/FRIB

ISOLTRAP/CERN

Schwarz et al. TCP 2006 (2007). Kluge & Bollen. Hyp. Int. 81, 15 (1993).

mailto:karthein@mit.edu
https://doi.org/10.1007/978-3-540-73466-6_34
https://doi.org/10.1007/BF00567247
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Low-Energy Nuclear Physics: Laser Spectroscopy
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Projectile = p Target = many 235U

vP ≈ c0 vT = 0

LA
SE

R

Quadrupole moment

→ Nuclear deformation

Magnetic moment

→ Nuclear magnetic field

→ Nuclear spin

Laser Spectroscopy

Low-energy nuclear physics:
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Projectile = p Target = many 235U

vP ≈ c0 vT = 0

LA
SE

R

Quadrupole moment

→ Nuclear deformation

Magnetic moment

→ Nuclear magnetic field

→ Nuclear spin

115In
110In
105In

Isotope shift

→ Nuclear size

Laser Spectroscopy

Low-energy nuclear physics:
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Projectile = p Target = many 235U

vP ≈ c0 vT = 0

LA
SE

R

Quadrupole moment

→ Nuclear deformation

Magnetic moment

→ Nuclear magnetic field

→ Nuclear spin

115In
110In
105In

Isotope shift

→ Nuclear size

Laser Spectroscopy

Low-energy nuclear physics:

RiSE@BECOLA/FRIB

CRIS/CERN

Minamisono et al. NIM A 709, 85 (2013). Flanagan Nucl. Phys. News 23, 24 (2013).

mailto:karthein@mit.edu
https://doi.org/10.1016/j.nima.2013.01.038
http://www.nupecc.org/npn/npn232.pdf
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Fundamental Properties Across the "Quantum Ladder"

Journey to explore the position of fundamental 
nuclear physics (mass, size, symmetries...)
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nuclear physics (mass, size, symmetries...)

Fundamental Properties Across the "Quantum Ladder"
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Standard Model:

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

Fundamental Properties Across the "Quantum Ladder"
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Neutrinos, u, d, W:

Standard Model:
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~10−15 m → fundamental physics

Fundamental Properties Across the "Quantum Ladder"

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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Standard Model:
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~10−15 m → fundamental physics

γ, Z, symmetry violation:
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Fundamental Properties Across the "Quantum Ladder"

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−15 m → fundamental physics

~10−11 m → nuclear structure
How do nuclei form and why?

Fundamental Properties Across the "Quantum Ladder"

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?
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Fundamental Properties Across the "Quantum Ladder"

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?

Fundamental Properties Across the "Quantum Ladder"

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

Δ
2n

 (M
eV

)

Proton number Z

· ISOLTRAP + Hinke β
Mass known

100Sn(Z=N=50)

Hinke, C. B. et al. Nature 486, 341(2012).Mougeot, Karthein et al. Nature Phys. 17, 1099 (2021).

100Sn

→ Experimentally confirmed 
doubly-magic character of 100Sn!

mailto:karthein@mit.edu
https://doi.org/10.1038/s41567-021-01326-9
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~10−11 m → nuclear structure
How do nuclei form and why?

Fundamental Properties Across the "Quantum Ladder"

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

0.0

Mass known

preliminary

Karthein et al. in prep (2023). Vernon (CRIS) et al. Nature 607, 260 (2022).

→ Reduced collectivity!

100Sn

100Sn(Z=N=50)

mailto:karthein@mit.edu
https://doi.org/10.1038/s41586-022-04818-7
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~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → (radioactive) molecules
How can we leverage their amplifications?

e−  Electric Dipole Moment:

→ Enhancement through high 
internal fields:

DeMille "Manipulating Quantum Systems" (NAS; 2020). ACME Coll. Nature 562, 355 (2018). 

Fundamental Properties Across the "Quantum Ladder"

Th+ O−

Manipulating Quantum Systems: An Assessment of Atomic, Molecular, and Optical Physics in the United States

Copyright National Academy of Sciences. All rights reserved.

205P R E C I S I O N  F R O N T I E R  A N D  F U N D A M E N T A L  N A T U R E  O F  T H E  U N I V E R S E

FIGURE 6.6 Searching for new fundamental particles via the electron’s electric dipole moment (eEDM). The 
horizontal axis shows possible values for the eEDM; gray regions show how limits have improved in the past 
30 years, with the year of the experiment shown on the vertical axis. Colored regions are predictions from 
various theories of particle physics. The standard model of particle theory predicts a value ~9 orders of mag-
nitude smaller than the current best bound from the ACME experiment. However, many theories that include 
new particles naturally predict an EDM within reach of ongoing or proposed experiments (hatched region). 
Note that theoretical predictions (colored regions) have evolved (green regions) in response to the absence of 
new particles detected at the Large Hadron Collider (LHC), direct dark matter searches, and EDM experiments. 
AMO-based searches for EDMs are one of the few known methods to detect evidence of new particles whose 
mass exceeds the reach of the LHC, within the next one to two decades. SOURCE: David DeMille, Yale University.

reach for probing new T-violating physics by an order of magnitude or more in 
the near future. For example, a new experiment (CeNTREX) is being constructed 
to improve the diamagnetic EDM limits using a cryogenic beam of TlF molecules, 
while 225Ra experiment is also being upgraded to further advance its sensitivity.

It is entirely plausible that EDM experiments, using AMO methods and room-
scale apparatus, could provide the first new evidence for physics beyond the SM. 

Eef ~ 80 GV/cm

mailto:karthein@mit.edu
https://doi.org/10.17226/25613
https://doi.org/10.1038/s41586-018-0599-8
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~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → (radioactive) molecules
How can we leverage their amplifications?

1s 2p 3d
Ra+

Atoms

Ra+ F- Σ

I, µ , Q, ...<r 2>

Molecules

AAM     ,  eEDM   ,   Sschiff  ,  MQM
● Parity violation  >  1011

[Phys Rev Lett 120, 142501 (2018)]
[Phys. Rev. Lett. 119, 223201 (2017)]   
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+
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) ~ 1 eV

Molecules: ( E
+
- E

- 
) ~ 10-5 ev

Why (radioac�ve) molecules?

2

1s 2p 3d
Ra+

Atoms

Ra+ F- Σ

I, µ , Q, ...<r 2>

Molecules

AAM     ,  eEDM   ,   Sschiff  ,  MQM
● Parity violation  >  1011

[Phys Rev Lett 120, 142501 (2018)]
[Phys. Rev. Lett. 119, 223201 (2017)]   

Atoms: ( E
+
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- 
) ~ 1 eV

Molecules: ( E
+
- E

- 
) ~ 10-5 ev

Why (radioac�ve) molecules?

2

Short-range nuclear interaction:

→ Enhancement through large e− 
overlap

Ra+ Ra+

F−

Garcia Ruiz et al. Nature 581, 396 (2020). ACME Coll. Nature 562, 355 (2018). 

Fundamental Properties Across the "Quantum Ladder"

mailto:karthein@mit.edu
https://doi.org/10.1038/s41586-020-2299-4
https://doi.org/10.1038/s41586-018-0599-8
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~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → (radioactive) molecules
How can we leverage their amplifications?

1s 2p 3d
Ra+

Atoms

Ra+ F- Σ

I, µ , Q, ...<r 2>

Molecules

AAM     ,  eEDM   ,   Sschiff  ,  MQM
● Parity violation  >  1011

[Phys Rev Lett 120, 142501 (2018)]
[Phys. Rev. Lett. 119, 223201 (2017)]   
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Why (radioac�ve) molecules?
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Enormous 
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Wu et al. Phys. Rev. 105, 1413 (1957). Karthein et al. in prep. (2023)Altuntas, DeMille et al. PRL 120, 142501 (2018).

Fundamental Properties Across the "Quantum Ladder"

New, Unexplored Window 
Into the Nucleus!

Not Measured 
in Molecules; 
Only 1 Atom!

Short-range nuclear interaction:

→ Enhancement through large e− 
overlap

mailto:karthein@mit.edu
https://doi.org/10.1103/PhysRev.105.1413
http://doi.org/10.1103/PhysRevLett.120.142501
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~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

https://medicis.cern/

→

Nuclear Energy:

Nuclear Medicine:

~100 m → applications
Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

Fundamental Properties Across the "Quantum Ladder"

Umbrecht et al. Sc. Rep. 9, 17800 (2019).

149Tb

mailto:karthein@mit.edu
https://doi.org/10.1038/s41598-019-54150-w
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~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

Wolf (ISOLTRAP) et al. PRL 110, 041101 (2013)

Neutron star composition:

~100 m → applications
Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

~104 m → neutron stars
How does the n-star composition look like?

Fundamental Properties Across the "Quantum Ladder"

mailto:karthein@mit.edu
https://doi.org/10.1103/PhysRevLett.110.041101
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~100 m → applications

~104 m → neutron stars
How does the n-star composition look like?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

>109 m → stars and supernovae
How were (heavy) elements created?

Fusion in stars
Big Bang

Mass known (Σ~3000)

Fundamental Properties Across the "Quantum Ladder"

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

mailto:karthein@mit.edu
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~100 m → applications

~104 m → neutron stars
How does the n-star composition look like?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

>109 m → stars and supernovae
How were (heavy) elements created?Mass known (Σ~3000)

Fundamental Properties Across the "Quantum Ladder"

Farouqi et al. ApJ 712, 1359 (2010).

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

r-process (ETFSI)

→ barely accessible!

mailto:karthein@mit.edu
https://ui.adsabs.harvard.edu/link_gateway/2010ApJ...712.1359F/doi:10.1088/0004-637X/712/2/1359
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>109 m → stars and supernovae
How were (heavy) elements created?

~104 m → neutron stars
How does the n-star composition look like?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

~100 m → applications
Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

Nuclear structure

→ barely accessible!

Mass known (Σ~3000)

Fundamental Properties Across the "Quantum Ladder"

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

mailto:karthein@mit.edu
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>109 m → stars and supernovae
How were (heavy) elements created?

~104 m → neutron stars
How does the n-star composition look like?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

~100 m → applications
Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

Octupole deformation

→ barely accessible!

Mass known (Σ~3000)

Fundamental Properties Across the "Quantum Ladder"

Cao et al. Phys. Rev. C 102, 024311 (2020).

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

Spherical Quadrupole Octupole

mailto:karthein@mit.edu
https://doi.org/10.1103/PhysRevC.102.024311
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>109 m → stars and supernovae
How were (heavy) elements created?

~104 m → neutron stars
How does the n-star composition look like?
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~10−11 m → nuclear structure
How do nuclei form and why?

~10−12 m → radioactive molecules
How can we leverage their amplifications?

~100 m → applications
Safe uses of clean energy (fission, fusion)?

Cancer therapy based on radionuclides?

Fundamental Properties Across the "Quantum Ladder"

Cao et al. Phys. Rev. C 102, 024311 (2020).

~10−15 m → fundamental physics

What are the properties of SM particles/interactions? 
Dark matter/energy? (Anti)matter asymmetry?

Mass known (Σ~3000)
Laser spec. known (Σ<1000)

Octupole deformation

→ barely accessible!

Spherical Quadrupole Octupole

mailto:karthein@mit.edu
https://doi.org/10.1103/PhysRevC.102.024311
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The Challenges in Nuclear Physics

30

CERN/ISOLDE yield
Mass known

1. Yield of Isotopes of Interest

→ existing facilities 
reach their limits

mailto:karthein@mit.edu
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The Challenges in Nuclear Physics

31

Mass known
FRIB for precision meas.

FRIB design yield

1. Yield of Isotopes of Interest

→ Next-Gen RIB Facilities

U.S. Department of Energy's new ~$1B 
Facility for Rare Isotope Beams (FRIB) 

at Michigan State University

FRIB

frib.msu.edu

1000's new isotopes!

mailto:karthein@mit.edu
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The Challenges in Nuclear Physics
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Mass known
FRIB for precision meas.

FRIB design yield

1. Yield of Isotopes of Interest

→ Next-Gen RIB Facilities

First High-Yield Access to Octupole-
Deformed Nuclei (Actinides)!

Karthein et al. FRIB−PAC1− #21023

1000's new isotopes!

mailto:karthein@mit.edu
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The Challenges in Nuclear Physics

33

Mass known
FRIB for precision meas.

FRIB design yield

1. Yield of Isotopes of Interest

→ Next-Gen RIB Facilities

2. Long-Lived Contamination

n

¥Eg

100.926

MRTOF

CRIS
Mass spectrum (amu)

Laser spectrum (MHz)
Co

un
ts

Co
un

ts

100

101

102

103

104 Isotope of 
interest

Molecular, isobaric contaminants
100.913 100.916 100.919 100.923

all states
isomer
background

→ Next-Gen Techniques

Campbell et al. Prog. Part. Nucl. Phys. 86, 127 (2016).Eliseev et al. PRL 110, 082501 (2013).

1000's new isotopes!

mailto:karthein@mit.edu
https://doi.org/10.1016/j.ppnp.2015.09.003
https://doi.org/10.1103/PhysRevLett.110.082501
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The Challenges in Nuclear Physics

34

→ Next-Gen RIB Facilities → Next-Gen Techniques

Campbell et al. Prog. Part. Nucl. Phys. 86, 127 (2016).Eliseev et al. PRL 110, 082501 (2013).

Exciting future for low-energy nuclear physics ahead of us!

mailto:karthein@mit.edu
https://doi.org/10.1016/j.ppnp.2015.09.003
https://doi.org/10.1103/PhysRevLett.110.082501
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Quantum Sensing Through Symbiosis

35

Penning Ions Trap

⃗B

= magnetic + electrostatic fields

LA
SE

R

Laser Spectroscopy

Karthein et al. in prep (2023). Safranova et al. Rev. Mod. Phys. 90, 025008 (2018).

mailto:karthein@mit.edu
https://doi.org/10.1038/s41567-021-01326-9
https://doi.org/10.1103/RevModPhys.90.025008
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Quantum Sensing Through Symbiosis

36

Penning Ions Trap

⃗B

= magnetic + electrostatic fields

LA
SE

R

Laser Spectroscopy

NSD Parity Violation
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e− e− e− e−
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N

∝A2/3preliminary

Karthein et al. in prep (2023). Safranova et al. Rev. Mod. Phys. 90, 025008 (2018).

Quantum superposition of states

mailto:karthein@mit.edu
https://doi.org/10.1038/s41567-021-01326-9
https://doi.org/10.1103/RevModPhys.90.025008
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Quantum Sensing Through Symbiosis

37

Setup at MIT
Karthein et al. in prep (2023).

mailto:karthein@mit.edu
https://doi.org/10.1038/s41567-021-01326-9
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Quantum Sensing Through Symbiosis

38

Setup at MIT

Custom injection-seeded laser

Quadrupole bender

Laser ion source

Karthein et al. in prep (2023).

→ FRIB!

mailto:karthein@mit.edu
https://doi.org/10.1038/s41567-021-01326-9
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Take-Home Messages

39

1. Next-Gen Precision Tools Are Ready for Application 
at Next-Gen Facilities (I.E., FRIB)
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Take-Home Messages

40

1. Next-Gen Precision Tools Are Ready for Application 
at Next-Gen Facilities (I.E., FRIB)

2. Combining these techniques allows for unique leverage 
to access unstudied parity-violating nuclear properties

mailto:karthein@mit.edu
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