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Motivation

Dedicated beamline for laser-induced nuclear orientation ⇔ Combine different expertise at ISOLDE.

VITO

Biophysics

Solid state

Nuclear Physics

Multidisciplinary

PAC

β-NMR

Movable experiments
Versa

tile

Biological systems

Physics beyond
the standard model

Laser-induced nuclear orientation + β-NMR

→introduced at ISOLDE [E. Arnold et al. Phys. Lett. B 197, 311 (1987)]

Worldwide there is only one dedicated beamline for laser-induced nuclear orientation (TRIUMF)
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VITO at ISOLDE

REX
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COLLAPS
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VITO Beamline

[PRL 80 (1998) 2721]
[PRL 78 (1997) 342]
[PRL 77 (1996) 4261]

AES: Auger Electron Spectroscopy
LEED: Low Electron Energy Diffraction
MBE: Molecular Beam Epitaxy
PAC: Pertubed Angular Correlation

ASPIC
Apparatus for Surface Physics and Interfaces at CERN

ASPIC
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VITO Beamline

VITO = ASPIC + Laser-induced nuclear orientation + β-NMR +...

ASPIC

UHV Beamline

Ion beam
+
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VITO Beamline

VITO = ASPIC + Laser-induced nuclear orientation + β-NMR +...

ASPIC

UHV Beamline

Ion beam
+

Charge exchange cell

Re-ionisation cell

+

Laser beam

Optical pumping zone
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∆m=+1

Excitation ∆m=+1
Decay ∆m=+1,0,-1

Polarization of
atomic angular momentum F

I, J decoupling
in strong magnetic field

Nuclear polarization I
(up to 100%)
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VITO Beamline

VITO = ASPIC + Laser-induced nuclear orientation + β-NMR +...

ASPIC

UHV Beamline

Ion beam
+

Charge exchange cell

Re-ionisation cell

+

Laser beam

Optical pumping zone

νm

RF

a

and UHV β-NMR

bio β-NMR
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VITO Beamline

VITO = ASPIC + Laser-induced nuclear orientation + β-NMR +...

ASPIC

UHV Beamline

Ion beam
+

Charge exchange cell

Re-ionisation cell

+

Laser beam

Optical pumping zone

and UHV β-NMR

bio β-NMR
movable

experiments

Challenges:

Combination of different Vacuum gradients
UHV + vapor + liquid (from 10

−12 mbar up
to few mbar).

Interaction of polarized beam in different
media

Versatility and space constrains

R. F. Garcia Ruiz KU Leuven, Belgium On behalf of the VITO Collaboration Versatile Ion-polarized Techniques On-line (VITO) at ISOLDE, CERN



VITO Beamline: Final Design
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Polarized nuclei and β-NMR
Angular distribution of β-particles:

W (θ) = 1 +
v

c
Aβ .P cos θ

P =
Iz

I
→ Nuclear polarization

Aβ → β-asymmetry

N(π)N(0)
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Polarized nuclei and β-NMR
Angular distribution of β-particles:
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If Vzz and B are known:

Nuclear structure (Q,µN )

Nuclear quadrupole moment Q

Magnetic dipole moment µN
Nuclear spin, I, and changes in
rms charge radii 〈r2〉
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If Vzz and B are known:

Nuclear structure (Q,µN )

Nuclear quadrupole moment Q

Magnetic dipole moment µN
Nuclear spin, I, and changes in
rms charge radii 〈r2〉

If Q and µN are known:

Solid State, Biophysics (B, Vzz )

Magnetic probe: Surface
magnetism, superconductivity,...

Chemical shifts, line broadening,
Chemical bonding,...
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Polarized nuclei and β-NMR
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Nuclear quadrupole moment Q

Magnetic dipole moment µN
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If Q and µN are known:

Solid State, Biophysics (B, Vzz )

Magnetic probe: Surface
magnetism, superconductivity,...

Chemical shifts, line broadening,
Chemical bonding,...

Measuring Aβ :

Spin assignment (I)
By measuring the β-delay parti-
cles
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If Q and µN are known:
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Magnetic probe: Surface
magnetism, superconductivity,...

Chemical shifts, line broadening,
Chemical bonding,...

Measuring Aβ :

Spin assignment (I)
By measuring the β-delay parti-
cles

Fundamental physics (ρ)
Vud of the Kobayashi-Maskawa
(CKM) quark mixing matrix
V

2
ud ∝

(
1 +

fA

fV

ρ
2
)−1
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Bio β-NMR: Motivation

Natural elements
Human body:

99% 4 major elements:
O (43 kg), C (16 kg), H (7 kg),
N (1.8 kg)

1% 21 other elements:
Ca, Mg, Fe, Zn, Cu ...
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Bio β-NMR: Motivation

Natural elements

Ion accessible in established techniques

Human body:

99% 4 major elements:
O (43 kg), C (16 kg), H (7 kg),
N (1.8 kg)

1% 21 other elements:
Ca, Mg, Fe, Zn, Cu ...
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Bio β-NMR: Motivation

Mg2+, Cu+ and Zn2+

(+) Some of the most abundant ions in human body
(+) Closed shell ions→ silent in most spectroscopic tech-
niques

Human body:
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Human body:

99% 4 major elements:
O (43 kg), C (16 kg), H (7 kg),
N (1.8 kg)

1% 21 other elements:
Ca, Mg, Fe, Zn, Cu ...

Property NMR β-NMR
# molecules 1018 105

Nuclear polarization External field Optical pumping, tilted foils, etc
(� 1%) up to 100%

Isotopes Mostly stable Radioactive
Detection Magnetic response β asymmetry
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99% 4 major elements:
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Alzheimer Parkinson Prion Wilson

[Chem. Rev. (2006) 106] [Neu. Aging (2014) 858] [Progr. Neu. (2014) 33]
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Bio β-NMR: First results

A. Gottberg, M. Stachura, and et al., In preparation
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Bio β-NMR: First results

β-NMR spectrum of 31Mg in an Ionic Liquid

For the first time (August, 2012):

β-NMR measured in a liquid medium

Signal recorded from metal ions (Mg II) in
a body-like liquid environment

A. Gottberg, M. Stachura, and et al., In preparation
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Nuclear Structure

Laser spectroscopy + β-NMR

νm ∝ −gIµNB
eQVzz/h

Extensively used at ISOLDE (COLLAPS) to
measure nuclear ground states properties

Nuclear moments Q,µN
Nuclear spin, I

PRL 97 (2007) 212501
PRL 94 (2005) 022501
PLB 197 (1987) 311

PRL 108 (2012) 042504
PRL 101 (2008) 132502
PRC 77 (2008) 034307
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Nuclear Structure

Employed at RIKEN using tilted foil technique [PRC 67 (2003) 014306]

N(0)−N(π)

N(0) +N(π)
≡
v

c
Aβ .P

A,Z

Iπi

β−

A,Z + 1

Iπf

γ1
γ2

Laser spectroscopy + β-NMR

νm ∝ −gIµNB
eQVzz/h

Extensively used at ISOLDE (COLLAPS) to
measure nuclear ground states properties

Nuclear moments Q,µN
Nuclear spin, I

PRL 97 (2007) 212501
PRL 94 (2005) 022501
PLB 197 (1987) 311

PRL 108 (2012) 042504
PRL 101 (2008) 132502
PRC 77 (2008) 034307

β-delayed spectroscopy of laser-polarized beams
D. T. Yordanov et al

Aβ takes well separate discrete values

→ Unambiguous spin assigments

Aβ =


±1 for If = Ii − 1

±ρ2/(Ii + 1)− 2ρ
√
Ii/(Ii + 1)

1 + ρ2
for If = Ii

∓
Ii

Ii + 1
for If = Ii + 1
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Fundamental weak interaction physics

Vud from the β-asymmetry of mirror transitions
N. Severijns, G. Neyens, M. Bissell and et al

Determining the Vud element of the Cabibbo-Kobayashi-Maskawa (CKM) quart mixing matrix

V 2
ud + V 2

us + V 2
ub = 1 ?→

(+) Sensitive test to the standard model

(+) Search for new physics

Weighted average of the most precise results (Fermi transitions)

Vud = 0.97425± 0.00022
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Vud from the β-asymmetry of mirror transitions
N. Severijns, G. Neyens, M. Bissell and et al

Determining the Vud element of the Cabibbo-Kobayashi-Maskawa (CKM) quart mixing matrix

V 2
ud + V 2

us + V 2
ub = 1 ?→

(+) Sensitive test to the standard model

(+) Search for new physics

Weighted average of the most precise results (Fermi transitions)

Vud = 0.97425± 0.00022

[Figure from: Towner and Hardy. Rep. Prog. Phys. 73 (2010) 046301]
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Fundamental weak interaction physics

Vud from the β-asymmetry of mirror transitions
N. Severijns, G. Neyens, M. Bissell and et al

Determining the Vud element of the Cabibbo-Kobayashi-Maskawa (CKM) quart mixing matrix

V 2
ud + V 2

us + V 2
ub = 1 ?→

(+) Sensitive test to the standard model

(+) Search for new physics

Weighted average of the most precise results (Fermi transitions)

Vud = 0.97425± 0.00022

For If = Ii → Aβ =
±ρ2/(Ii + 1)− 2ρ

√
Ii/(Ii + 1)

1 + ρ2

Vud can be obtained by combining Ft values with Gamow-Teller/Fermi mixing ratios, ρ

V 2
ud =

K

FtG2
F (1 + ∆V

R)

(
1 +

fA

fV
ρ2
)−1

O. Naviliat-Cuncic and N. Severijns [PRL 102 (2009) 142302]

Vud very sensitive to ρ
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Vud from the β-asymmetry of mirror transitions
N. Severijns, G. Neyens, M. Bissell and et al

Determining the Vud element of the Cabibbo-Kobayashi-Maskawa (CKM) quart mixing matrix
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Vud very sensitive to ρ

Example: 35Ar→ By measuring Aβ with a precision of 0.5 %→ 0.0004 absolute precision on Vud
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Summary

A unique beam line in Europe → Several experiments can benefit
from a dedicated beamline for laser-induced nuclear orientation.
VITO → Multidisciplinary research

Biophysics
Solid state
Nuclear physics ...

For the first time β-NMR in a body-like environment
51 shifts approved: β-NMR (33) and ASPIC (18)
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Thanks for your attention!
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Timeline
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Pressure-dependent β-decay asymmetry

MgO single crystal

Ionic liquid
Beam transmission
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Pressure-dependent β-decay asymmetry
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O. Naviliat-Cuncic and N. Severijns [PRL 102 (2009) 142302]
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