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The Standard Model

Interactions are between currents 

Gauge groups determine bosons:

Chiral symmetry breaking (only left-handed ν in weak 
interactions).

Vacuum is electroweak superconductor - Higgs condensate 
breaks symmetry ➞ gives mass to particles.

γ

W,Z

g

gravity

Pe
rfe

ct
 M

at
ch

Some AssemblyRequired

????

Pretty good description:

• Electroweak forces unified.

• Strong force - QCD and Effective 
Field Theories.

• Gravity - who knows....

SU(3)C⇤ ⇥� ⌅
QCD

�SU(2)L⇤ ⇥� ⌅
Weak

�U(1)Y⇤ ⇥� ⌅
EM



But...

Physics
 Beyon

d SM 

Must E
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Where
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 it?

Standard Model Parameters:
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Quark Masses - 6
Lepton Masses - 6
CKM Matrix - 4
Neutrino Matrix - 4

Higgs Mass -1 
Higgs VUV - 1

αU(1) - 1
αSU(2) - 1
αStrong - 1

Cosmological Constant - 1
θQCD - 1



Where to search for beyond SM 
Physics?

High Energy Frontier

Go higher in energy/luminosity.

LHC/Tevatron/ILC.  

Precision Frontier

High precision experiments.

Detect the effect of beyond SM on low energy observables.

“Table top” experiments: 0νββ, atomic PNC, EDM, νβ correlation.

Accelerator based: Proton/Neutron weak charge (Qweak, PRex, ....).



MBSM

EExp << MBSM

SM 
Particles

BSM 
Particles

High Energy 
Frontier

Precision 
Frontier



The results of my survey are 
then as follows: four discoveries 
on the energy frontier, four on 
the rarity frontier, eight on the 
accuracy frontier. Only a quarter 
of the discoveries were made on 
the energy frontier, while half 
of them were made on the 
accuracy frontier. For making 
important discover ies, high 
accuracy was more useful than 
high energy.

Freeman Dyson on 16 discoveries 
awarded the Nobel Prize between 
1945 and 2008:



The weak interaction 
(at low energy)

Proceeds (as far as we know) via the V-A (vector - axial vector) interaction:
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Renormalized by the strong force for the hadronic case:

LHadronic ⇤ GF

⇤
N�µ

�
CV � CA�5

⇥
P + h.c

⌅

CV = 1, CA ⇥ 1.26
Interaction mediated by vector bosons (W±, Z0) - since intermediate bosons are heavy 
(M ~ 90 GeV) interaction approximated by 4-point contact interaction (for low energy).

But no apriori reason for this.

Most general form for β-decay amplitude:
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Nuclear β decay
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This is Standard Model
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CV = C 0
V = 1

CA = C 0
A = 1.26

This is Not....
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X(1/3)/Y(1/3)

Right handed bosons
Scalar or Tensor 

Leptoquarks
C 6= C 0

CT 6= 0
CS 6= 0

• SUSY slepton 
flavor mixing. 

• SUSY LR 
mixing. 

• many more 
(with different 
C’s)...

BSM mechanisms: 
MANY 



In The Lab
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Pure GT: a = -1/3

β + ν carry 1 unit AM → 
emitted in opposite 

directions (factor of 3 
from spin directions)

β decay 101 
Total decay rate (electron polarization not detected)
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Pure Fermi: a = 1

β + ν carry no AM → 
emitted in same direction 

(opposite helicities)

August 2008 Paul Vetter, LBNL

The Beta Neutrino Correlation

e-

!

(Z+1,A)

J

Vector current coupling
" J = 0

#$!

CS = 0
a$! > 0
%(#) is largest for # < 90

High energy recoil

J.D. Jackson, S.B. Treiman, & H.W. Wyld, Phys. Rev. 106, 517 (1957)
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β decay 101 
Possible observables in nuclei

Parameter Observable Sensitivity SM Prediction

a β-ν (recoil) correlation Tensor & Scalar terms 
1 for pure Fermi
-1/3 for pure GT
or combination

b
(Fierz term)

Comparison of β+ to EC rate SV/T/A interference 0

A
β asymmetry for polarized 

nuclei
Tensor, ST/VA

Parity
Nucleus 
dependent

B
ν asymmetry (recoil) for 

polarized nuclei
Tensor,TA/ST/VA/SA/VT

Parity
Nucleus 
dependent

D Triple product
ST/VA Interference
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Probing the Nature of Currents Using Correlations - 
A Classical Analogy

d~F =
q

c
~v ⇥ ~B

The EM Force Between Currents
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So... is β decay V-A?

 
 
Fig. FI-2.   The Scott diagram presents the sensitivity of the angular correlation coefficient to the different types 
of interactions as a function of the so-called Fermi fraction. This fraction measures the relative contributions of 
the Vector and Axial-vector interaction in a transition. 
 
 
 

Search for new sources of T (or CP) violation 
 

The violation of the CP symmetry observed in K- and B-meson decays is incorporated in 
the Standard Model by the quark mixing mechanism. This electro-weak CP-violation is too 
weak to explain the excess of baryons over anti-baryons observed in the universe. Assuming 
CPT invariance, this excess provides then a hint for the existence of a new unknown source of 
T-violation. The Standard Model predictions for T-violating effects originating from the 
quark mixing scheme for systems built up of u and d quarks are by more than 6 orders of 
magnitude lower than the experimental accuracies presently accessible. Because the standard 
contributions to time reversal violating observables are so strongly suppressed, any sign for 
the presence of time reversal violation at the present level of precision would be the signature 
of a new source of time reversal violation. Such sources are introduced by many scenarios of 
physics beyond the Standard Model. 
 

a) Triple correlations measurements 
In nuclear � decay, T-violating effects can be searched for by the presence of a possible 

imaginary part in the different couplings (V, A, S and T). Direct searches for time reversal 
violation in � decay require the measurement of terms including an odd number of spin and/or 
momentum vectors and are therefore rather difficult. Only two such correlations have been 
measured so far, driven by the D and R coefficients. The determination of D requires the 
measurement of the momenta of the � particle and of the neutrino emitted mutually 
perpendicular to the nuclear polarization. The determination of R needs the measurement of 
the transverse polarization of the � particles emitted perpendicularly to the nuclear 
polarization. Final-state effects, which might mimic a time reversal violating signal, are 
typically of the order of 10-4. 
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Limits on non-SM coupling

N. Severijns, M. Beck, and O. Naviliat-Cuncic, Rev. Mod. Phys. 78, 991 (2006)  
J. Sromki, AIP Conf Proc 338 (1995)

Very large model space.

Not spanned by collider experiments.

Current best limits not very stringent.

Naively  

so uncertainty to 0.01 probes new 
physics at ~ 1TeV!

V-A
3-parameter fit

LH SM+ RH ST
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CA
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CV
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Low Energy in the Age of LHC....

Historically, this 
works



Historically, this 
works

Low Energy in the Age of LHC....

V. Cirigliano, Fundamental Symmetries and Neutrino, Chicago 2012



State of the Art….



Looking Ahead
Where should we look?

Neutron Rich
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Neutron Halo Nuclei 
Neutron Skin Measurements 
Neutron Drip Line 
Rare Decay Branches 
EDM / APV Searches

Proton Halo Nuclei 
Proton Skin / Dripline 
Harder to get



Anatomy of an Experiment
Produce Radioactive Atoms 

(Produce, Transport, Neutralize)

Trap/Contain
(MOT, Dipole, Ion, Electrostatic)

Wait...

Detect decay products (β, Ion)
(Scintillators, MCPs,...)

Analyze and compare to SM



MOT (NeAT)
EIBT (WIRED)
TPC (OLIVIA)

Looking Ahead
New Measurements and New Ideas





Why Traps?

• Cold (~200uK), dilute (~30e6 Atoms/mm3 - 9 O.O.M 
lower than ideal gas), sample:
• Low velocity, no smearing (3 O.O.M reduction 
compared to RT, negligible compared to recoil 
velocity).

• Less interactions.

• Well localized (~200um) sample:
• Well known emission location.

• Highly isotope selective:
• Low background.



“Getting the right stuff” 
(or, selecting a target)

• First and foremost - must be trappable.

That was the easy part

• Lifetime in proper range: 

• Too long ➛ No statistics.

• Too short ➛ No trap.

• O(100ms) - O(10s) is good.

• Calculable matrix elements:

• N~Z or other special case (pure GT or pure F is good).

• Produceable: Usually means accelerator or n-generator. 



Cooling with Laser Light
• Atoms absorb laser light and 

then remit it isotropically.

• Moving atoms see laser light 
shifted due to the Doppler 
effect by ~k · ~v

Advanced Optics Laboratory
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Laser Cooling and Trapping

1 INTRODUCTION
Laser cooling and trapping of neutral atoms is a rapidly expanding area of physics research that has

seen dramatic new developments over the last decade. These include the ability to cool atoms down to
unprecedented kinetic temperatures (as low as one micro Kelvin) and to bold samples of a gas isolated in
the middle of a vacuum system for many seconds. This unique new level of control of atomic motion is
allowing researchers to probe the behavior of atoms in a whole new regime of matter where deBroglie
wavelengths are much larger than the Bohr radius. Undoubtedly one of the distinct appeals of this
research is the leisurely and highly visible motion of the laser cooled and trapped atoms.

In this experiment you will operate a laser trap that is equal or superior in performance to what is
used in many current research programs. This experiment uses the lasers and saturated absorption
spectrometers used in the laser spectroscopy experiment' and thus you should have done that experiment
before doing this one. A small fraction (- 10%) of the beams of each of the two lasers goes to their
respective saturated absorption spectrometers. This allows for precise detection and control of the laser
frequencies, which is essential for cooling and trapping. The remainder of the laser light goes into the
trapping cell.

Section 2 of this write-up provides a brief introduction to the relevant physics of the atom trap,
section 3 discusses the laser stabilization, section 4 explains the optical layout for sending the laser beams
into the cell to create the trap, section 5 explains the trapping cell construction and section 6 discusses the
operation of the trap, measurement of the number of trapped atoms, and measurement of the time the
atoms remain in the trap.

2 THEORY AND OVERVIEW
We will present a brief description of the relevant physics of the vapor cell magneto-optical trap. For

more information, a relatively non-technical discussion is given in Ref. 2, while more detailed
discussions of the magneto-optical trap and the vapor cell trap can be found in Ref. 3 and Ref. 4,
respectively.

2.1 LASER COOLING
The primary force used in laser cooling and trapping is the recoil when momentum is transferred

from photons scattering off an atom. This radiation-pressure force is analogous to that applied to a
bowling ball when it is bombarded by a stream of ping pony balls. The momentum kick that the atom
receives from each scattered photon is quite small; a typical velocity change is about 1 cm/s. However,
by exciting a strong atomic transition, it is possible to scatter more than 107 photons per second and

produce large accelerations (104  g). The
radiation-pressure force is controlled in such
a way that it brings the atoms in a sample to a
velocity near zero ("cooling"), and holds
them at a particular point in space
("trapping").

The cooling is achieved by making the
photon scattering rate velocity-dependent
using the Doppler effect.[5] The basic
principle is illustrated in Figure 1.  If an atom
is moving in a laser beam, it will see the laser
frequency n laser  shifted by an amount
-( )v c/ n laser , where v is the velocity of the
atom along the direction of the laser beam. If
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nlaser + DnDoppler

nlaser - DnDoppler

Figure 1.  Atomic scattering rate versus laser frequency.

• Velocity dependent force ➛ Dissipative effect = cooling. 
Temperature of atoms reduced. Advanced Optics Laboratory

Laser Cooling Page 2/16

the laser frequency is below the atomic
resonance frequency, the atom, as a result of
this Doppler shift, will scatter photons at a
higher rate if it is moving toward the laser
beam (v negative), than if it is moving away.
If laser beams impinge on the atom from all
six directions, the only remaining force on the
atom is the velocity-dependent part, which
opposes the motion of the atoms. This
provides strong damping of any atomic
motion and cools the atomic vapor This
arrangement of laser fields is often known as
"optical molasses”.[6]

Will scatter photons at a higher rate than
those moving in the same direction as the
beam. This leads to a larger force on the
counter propagating atoms.

2.2 MAGNETO-OPTICAL TRAP
Although optical molasses will cool

atoms, the atoms will still diffuse out of the
region if there is no position dependence to
the optical force. Position dependence can be
introduced in a variety of ways. Here we will

only discuss how it is done in the
"magneto-optical trap" (MOT), also known as
the "Zeeman shift optical trap," or "ZOT." The
position-dependent force is created by using
appropriately polarized laser beams and by
applying an inhomogeneous magnetic field to
the trapping region. Through Zeeman shifts of
the atomic energy levels, the magnetic field
regulates the rate at which an atom in a
particular position scatters photons from the
various beams and thereby causes the atoms to
be pushed to a particular point in space. In
addition to holding the atoms in place, this
greatly increases the atomic density since
many atoms are pushed to the same position.
Details of how the trapping works are rather
complex for a real atom in three dimensions,
so we will illustrate the basic principle using
the simplified case shown in Figure 2.

In this simplified case we consider an
atom with a J = 0 ground state and a J = 1
excited state, illuminated by circularly
polarized beams of light coming from the left
and the right. Because of its polarization, the

beam from the left can only excite transitions to the m = +1 state, while the beam from the right can only
excite transitions to the m = -1 state. The magnetic field is zero in the center, increases linearly in the
positive x direction, and decreases linearly in the negative x direction. This field perturbs the energy
levels so that the Dm = +1transition shifts to lower frequency if the atom moves to the left of the origin,

Velocity

Atom

Force

Force

Velocity

Laser beam

Figure 2. With the laser tuned to below the peak of atomic
resonance.  Due to the Doppler shift, atoms moving in the
direction opposite the laser beam will scatter photons at a higher
rate than those moving in the same direction as the beam.  This
leads to a larger force on the counter-propagating atoms.

s- s+

B<0
force

s- s+

B=0
force=0

s- s+

B>0
force

J=0

J=1 m=+1m=0m=-1

s-s+ 0

B

Figure 3. One dimensional explanation of the MOT. Laser beams
with opposite helicity polarizations impinge on an atom from
opposite directions. The lasers excite the J= 0 to J = 1 transition.
The laser beam from the right only excites the m = -1 excited state,
and the laser from the left only excites the m = +1 state. As an
atom moves to the right or left, these levels are shifted by the
magnetic field thereby affecting the respective photon scattering
rates. The net result is a position-dependent force that pushes the
atoms into the center.

• Now hit the atoms from all sides ➛ 
preferential  absorption for opposing 
motion ➛ cooling (“3D optical 
molasses”)

We’re not there yet....
If there is no position dependence 

atoms diffuse out of the molasses ➛ 
need to introduce position dependence.



MOTs
• Magnetic field used to introduce spatial 

dependance via Zeeman splitting.

• Linear gradient produced using anti-
Helmholtz coils.

• So is this all there is to it? 

10

Laser Cooling and Trapping

Magneto-Optical Trap (MOT)

• Cooling: Temperature~ 1 mK,

  # avoid Doppler shift / width

• Long observation time: 100 ms

• Spatial confinement: trap size < 1 mm

  # single atom sensitivity 

• Selectivity:  # no isotopic / isobaric interference

Technical challenges:

$ Short lifetime, small samples (<106 atoms/s available)

$ Low metastable population efficiency (~ one in 100.000)

$ Precision requirement (100 kHz = Doppler shift @ 4 cm/s )

Advanced Optics Laboratory
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the laser frequency is below the atomic
resonance frequency, the atom, as a result of
this Doppler shift, will scatter photons at a
higher rate if it is moving toward the laser
beam (v negative), than if it is moving away.
If laser beams impinge on the atom from all
six directions, the only remaining force on the
atom is the velocity-dependent part, which
opposes the motion of the atoms. This
provides strong damping of any atomic
motion and cools the atomic vapor This
arrangement of laser fields is often known as
"optical molasses”.[6]

Will scatter photons at a higher rate than
those moving in the same direction as the
beam. This leads to a larger force on the
counter propagating atoms.

2.2 MAGNETO-OPTICAL TRAP
Although optical molasses will cool

atoms, the atoms will still diffuse out of the
region if there is no position dependence to
the optical force. Position dependence can be
introduced in a variety of ways. Here we will

only discuss how it is done in the
"magneto-optical trap" (MOT), also known as
the "Zeeman shift optical trap," or "ZOT." The
position-dependent force is created by using
appropriately polarized laser beams and by
applying an inhomogeneous magnetic field to
the trapping region. Through Zeeman shifts of
the atomic energy levels, the magnetic field
regulates the rate at which an atom in a
particular position scatters photons from the
various beams and thereby causes the atoms to
be pushed to a particular point in space. In
addition to holding the atoms in place, this
greatly increases the atomic density since
many atoms are pushed to the same position.
Details of how the trapping works are rather
complex for a real atom in three dimensions,
so we will illustrate the basic principle using
the simplified case shown in Figure 2.

In this simplified case we consider an
atom with a J = 0 ground state and a J = 1
excited state, illuminated by circularly
polarized beams of light coming from the left
and the right. Because of its polarization, the

beam from the left can only excite transitions to the m = +1 state, while the beam from the right can only
excite transitions to the m = -1 state. The magnetic field is zero in the center, increases linearly in the
positive x direction, and decreases linearly in the negative x direction. This field perturbs the energy
levels so that the Dm = +1transition shifts to lower frequency if the atom moves to the left of the origin,
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Figure 2. With the laser tuned to below the peak of atomic
resonance.  Due to the Doppler shift, atoms moving in the
direction opposite the laser beam will scatter photons at a higher
rate than those moving in the same direction as the beam.  This
leads to a larger force on the counter-propagating atoms.
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Figure 3. One dimensional explanation of the MOT. Laser beams
with opposite helicity polarizations impinge on an atom from
opposite directions. The lasers excite the J= 0 to J = 1 transition.
The laser beam from the right only excites the m = -1 excited state,
and the laser from the left only excites the m = +1 state. As an
atom moves to the right or left, these levels are shifted by the
magnetic field thereby affecting the respective photon scattering
rates. The net result is a position-dependent force that pushes the
atoms into the center.

Almost...
• Real atoms are not two level systems - more 

complicated level scheme requires 
additional lasers.

• Different isotopes have different 
wavelengths and level structure (due to 
different nuclear spin).



Here be dragons...

Gr
ou

nd
 St

ate
 

Tra
pp

ab
le

Tra
pp

ab
le 

in 
the

 m
eta

sta
ble

 

sta
te



Why Neon? - (I) The Periodic Table



Why Neon? - (II) The Periodic Table of Trappable Elements



Why Neon? - (III) The Period Table of Trappable Elements Not already used for MOT β Decay



Why Neon? - (III) The Period Table of Trappable Elements Not already used for MOT β Decay & Decent to Calculate/
Implement

3 5

1

10
Easy to trap 
Interesting physics other the beta 
decay 
Needs to be in metastable state 
Problematic WL for lasers 
Harder to produce

Easier to produce 
Trap setup exists in Israel (as does design for 
production of 8Li) 
Easy wavelengths 
Harder to trap (messy level scheme)

Fully closed transition for even 
neon isotopes (single frequency for 
trapping). 



Why 18Ne?

Pure GT Decay

Pure Fermi Decay
(superallowed - gives Vud)

Pure GT Decay

PNC Transition
(enhanced by mixing with 1.042 level)
Adelberger et al. (1983)



Vud Uncertainties for superallowed decays

N. Severijns, presentation BriX workshop 2008, SCK-CEN, Mol, Belgium, 2008.



Why 19Ne?

Mixed Fermi / GT

PNC Transition
(enhanced by mixing with 1.042 level)
Adelberger et al. (1983)

Mirror transition, also gives Vud
O. Naviliat-Cuncic and N. 
Severijns (2008)
High sensitivity to V+A 
(for polarized 19Ne)
Sensitive to SCC



 Why 23Ne?

Pure GT Decay

Almost Pure 
GT Decay



24Ne

Pure GT
Decay



 Why 17Ne?

16 A.C. Morton et al. / Nuclear Physics A 706 (2002) 15–47

correlations, combined with the selection rules for an allowed β decay, we obtain Jπ = 1
2
− for states

at 8.436 and 9.450 MeV and 32
− for the state at 10.030 MeV in 17F. Probabilities for the β-delayed

pα decay to 12C through the tails of the subthreshold 7.117 and 6.917 MeV states in 16O have been
calculated and the feasibility of using such decays to provide information about the rates for the E1
and E2 components of the 12C(α,γ )16O reaction is discussed.  2002 Published by Elsevier Science
B.V.

PACS: 27.20.+n; 23.40.-s; 23.50.+z; 23.60.+e; 26.20.+f

Keywords: RADIOACTIVITY 17Ne(β+p,β+α); measured Ep, Eα , pγ -coincidence, angular correlations;
deduced logf t , GT strenght. 17F deduced levels, J , π , particle decay branching ratios

1. Introduction

The β-delayed particle decay of 17Ne has been the focus of two previous experimental
investigations [1,2]; partial level schemes for nuclei involved in the decay are shown in
Fig. 1 [3–6]. The investigation of Hardy et al. [1] was directed towards the determination
of the isospin purity of the J π = 1

2
−, T = 3

2 isobaric analog state (IAS) in
17F, while that

of Borge et al. [2] was part of a study of the quenching of axial-vector strength in nuclei.
Both papers presented detailed particle spectra and derived branching ratios for the particle
decay of the IAS and for the β decay of 17Ne. However, there were significant differences

Fig. 1. Partial level schemes for the nuclei involved in the β-delayed particle decay of 17Ne [3–6]. The states
shown for 16O may also be populated in the β decay of 16N.

• Q = 14MeV - allows extraction of 
bFierz (maybe) 

• 2-proton Borromean halo nucleus 
(spectroscopy)

• Decay to halo nucleus 17F
• Test of forbidden β-decays
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The NeAT Setup

Neon enters 
here



The NeAT Trap
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The NeAT Trap

Neon enters 
here

Trap

Actual trap
(~10000 Atoms)



Some Technical Aspects
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Measurement Scheme
General Scheme

Produce Ne Isotopes

Deflect

Trap in Science 
Chamber

Take data
(TOF, position 

asymmetry on MCP)

Move to source 
chamber (Diffusion)

Excite to Ne* + 
expand into Slower

Continuos
Intermittent?



β decay 101 
Possible observables in nuclei

Parameter Observable Sensitivity SM Prediction

a β-ν (recoil) correlation Tensor & Scalar terms 
1 for pure Fermi
-1/3 for pure GT
or combination

b
(Fierz term)

Comparison of β+ to EC rate SV/T/A interference 0

A
β asymmetry for polarized 

nuclei
Tensor, ST/VA

Parity
Nucleus 
dependent

B
ν asymmetry (recoil) for 

polarized nuclei
Tensor,TA/ST/VA/SA/VT

Parity
Nucleus 
dependent

D Triple product
ST/VA Interference
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A Brief Aside
Optical traps

• Once cooled and trapped by the MOT, atoms can be 
trapped by the purely dipole force.

The mean scattering rate Γ̄sc can, in turn, be calcu-
lated from the temperature of the sample, according to
the following arguments: Eq. 14 relates the average scat-
tering rate to the mean dipole potential Ūdip experienced
by the atoms. In a pure dipole trap7 described by Eq. 25,
the mean optical potential is related to the mean poten-
tial energy Ēpot, the mean kinetic energy Ēkin, and the
temperature T by

Ūdip = U0 + Ēpot = U0 + κĒkin = U0 +
3κ

2
T . (28)

This relation allows us to express the mean scattering
rate as

Γ̄sc =
Γ

h̄∆
(U0 +

3κ

2
kBT ) . (29)

Based on this result, let us now discuss two specific
situations which are typical for real experiments as de-
scribed in Secs. IV and V; see illustrations in Fig. 3. In a
red-detuned dipole trap (∆ < 0), the atoms are trapped
in an intensity maximum with U0 < 0, and the trap depth
Û = |U0| is usually large compared to the thermal energy
kBT . In a blue-detuned trap (∆ > 0), a potential mini-
mum corresponds to an intensity minimum, which in an
ideal case means zero intensity. In this case, U0 = 0 and
the potential depth Û is determined by the height of the
repulsive walls surrounding the center of the trap.

For red and blue-detuned traps with Û ≫ kBT , Eqs. 27
and 29 yield the following heating rates:

Ṫred =
2/3

1 + κ
Trec

Γ

h̄|∆|
Û , (30a)

Ṫblue =
κ

1 + κ
Trec

Γ

h̄∆
kBT . (30b)

Obviously, a red-detuned trap shows linear heating
(which decreases when kBT approaches Û), whereas
heating behaves exponentially in a blue-detuned trap.
Note that in blue-detuned traps a fundamental lower
limit to heating is set by the zero-point energy of the
atomic motion, which we have neglected in our classical
consideration.

7this excludes hybrid potentials in which other fields (grav-
ity, magnetic or electric fields) are important for the trapping.

U
red

k T

blue
^

B

FIG. 3. Illustration of dipole traps with red and blue de-
tuning. In the first case, a simple Gaussian laser beam is
assumed. In the second case, a Laguerre-Gaussian LG01

“doughnut” mode is chosen which provides the same potential
depth and the same curvature in the trap center (note that
the latter case requires e2 times more laser power or smaller
detuning).

Eqs. 30 allow for a very illustrative direct comparison
between a blue and a red-detuned trap: The ratio of
heating at the same magnitude of detuning |∆| is given
by

Ṫblue

Ṫred

=
3κ

2

kBT

Û
. (31)

This comparison shows that blue detuning offers substan-
tial advantages in two experimental situations:

• Û ≫ kBT , very deep potentials for tight confine-
ment,

• κ ≪ 1, box-like potentials with hard repulsive
walls.

When, in other words, a harmonic potential of moderate
depth is to be realized for a certain experiment, the ad-
vantage of blue detuning is not substantial. The choice of
red detuning may be even more appropriate as the better
concentration of the available laser power in such a trap
allows one to use larger detunings to create the required
potential depth.

B. Experimental techniques

1. Trap loading

The standard way to load a dipole trap is to start
from a magneto-optical trap (MOT). This well-known
radiation-pressure trap operating with near-resonant
light was first demonstrated by Raab et al. in 1987 and
has now become the standard source of ultracold atoms in
many laboratories all over the world. A MOT can provide
temperatures down to a few 10Trec, when its operation
is optimized for sub-Doppler cooling (see Sec. III A 1).
This sets a natural scale for the minimum depth of a
dipole trap as required for efficient loading. Due to their
lower recoil temperatures (Table I), heavier alkali atoms
require less trap depth as the lighter ones and thus allow
for larger detunings. For the heavy Cs atoms, for exam-
ple, dipole traps with depths as low as ∼ 10µK can be

11

Red detuned traps 
are attractive

Blue detuned traps 
are repulsive

Interaction of laser E field 
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Looking Ahead (Tech IV)
Dark Blue Traps

• Currently testing two optical traps (dark cavities surrounded by blue 
detuned light). Based on designs by Davidson et al. (slightly 
modified).

Friedman, N., Kaplan, A., and Davidson, N. Adv. At. Mol. Opt. Phys., 48:99 (2002).

ROtating Beam 
Optical Trap
(but in 2 orthogonal 
directions)

Digitally controlled

Single beam 
“axicon” trap

Mirror
λ/4

AxiconAxicon

CR-BPE



Polarization Measurement
General Scheme

Produce Ne 
Isotopes

Deflect

Trap in Science
Chamber

Take data

Move to source 
chamber (TMP?)
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expand into 

Slower
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(overlay)
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Some discussion of 
Ion Traps







Ernshaw’s Theorem 
S. Earnshaw, Trans. Cambridge Philos. Soc. 7, 97 (1842)

A collection of point charges cannot be maintained in a stable 
stationary equilibrium configuration solely by the electrostatic 
interaction of the charges.

Restatement of Gauss’ Law (for free space)

No local minima or maxima in free space (only saddle points).
Naively speaking → No electrostatic ion traps

⌅ · E ⇤ ⌅ · F = �⌅2� = 0

Non Electrostatic:
Time varying (“Paul trap”, MOT) & Magnetic fields (“Penning trap”).
Electronic correction.



Einzel
Lens

ElectrostaticMirrors

But what about moving ions...
Ernshaw’s theorem talks about stationary charges.
Moving charges in an electrostatic field actually “see” changing fields.
Trap design very similar to a resonant cavity for laser light.

The potential Vs is divided linearly across the electrodes. An

additional grounded electrode ⇥A1⌅ closes the stack of elec-
trodes to reduce the electric fields outside the trap. Two ad-

ditional electrodes ⇥labeled Z1 and Z2⌅ act as focusing elec-
trodes, where Z1 is at a potential Vz and Z2 is grounded. As

such, these two electrodes, together with electrode E5, act as

an asymmetric Einzel lens. Thus, for a given geometry, the

ion trap is characterized by only two parameters, which are

the stopping and focusing potentials, Vs and Vz , respec-

tively. More technical details will be given in a forthcoming

publication ⌃8�.
The main question is to determine the values of Vs and

Vz for which the ions are trapped between the two mirrors. It

is well known that many principles of geometric optics can

be applied to ion optics. The above system is very much

based on the same principle as for an optical resonator made

of two equivalent mirrors. For an optical resonator working

with a Gaussian beam, the stability criterion is related to the

focusing properties of the mirrors ⌃9�:

0⇤⇥ 1⇤
L

2 f
� 2⇤1, ⇥1⌅

where f is the focal length of the two mirrors and L is the

effective distance between them. Equation ⇥1⌅ is equivalent
to

L

4
⇤ f⇤⇧ . ⇥2⌅

Thus, the stability condition ⇥for a beam close to the axis of

symmetry⌅ requires the focal length of the mirrors to be
larger than some critical portion of the trap length, a property

that is easy to fulfill with the above design. Also, the value of

the stopping potential has to be high enough to confine the

ions longitudinally, i.e., the condition qeVs�Ek has to be

fulfilled, where q is the charge of the ions and Ek is their

kinetic energy. The focal length of the electrostatic mirrors

of the trap was found as a function of the focusing potential

by computing particle trajectories using SIMION ⇥Ver. 6⌅ ⌃10�.
As an example, for a beam of 4-keV singly charged ions and

Vs⌅6.5 kV, the range of values for which Eq. ⇥2⌅ is valid
was found to be 3.13⇥Vz⇥3.5 kV for a beam diameter up to
3 mm ⇥more details will be given in a subsequent publication
⌃8�⌅. A few aspects of the above design merit particular at-

tention.

First, the trap is completely electrostatic, a feature that

seems prima facie in contradiction with the so-called

‘‘nontrapping’’ theorem ⇥the Earnshaw theorem ⌃11�⌅, which
forbids trapping of charged ions using purely static fields.

However, this is valid only if the kinetic energy of the ions is

zero. In the present case, the field is changing in the frame of

reference of the ions due to their kinetic energy.

Second, because the trap is electrostatic, the trapping is

only energy (Ek) and charge ⇥q⌅ dependent ⇥in fact, Ek/q⌅.
This is different from the high-energy storage ring devices,

where the magnetic rigidity of the dipole magnets limits the

maximum mass of the ions that can be stored at a given

energy. Furthermore, one can store simultaneously different

ions with the same Ek/q ratio, enabling the studies of ion-ion

collisions in the trap, or its use as a part of a mass spectro-

meter.

Third, the central part of the ion trap, which can be made

as short or long as needed ⌃see Eq. ⇥2⌅�, is field free: Because
the electrodes Z2 are grounded, this region is shielded from

the electrostatic fields of the mirrors and Einzel lenses. In

this region, the ions travel in straight lines with their injec-

tion energy. This is different from the Kingdon trap ⌃12�,
which is also an electrostatic trap, but where ions orbit

around a charged wire, always in the presence of an electro-

static field. The fact that the ions travel in straight lines in the

central region is very useful for experiments where merged-

or crossed-beams configurations are required.

The lifetimes of various stored ions were measured using

a microchannel plate detector located beyond the exit elec-

trodes of the ion trap ⇥see Fig. 1⌅. At a few keV, the most

FIG. 1. Schematic view of the ion trap. The ion beam is injected from the left, when the entrance electrodes are grounded. The three

electrodes E5, Z1, and Z2 form an asymmetric Einzel lens, which is used for focusing the ions. Neutral particles escaping the trap are

monitored by a microchannel plate detector downstream. The drawing is not to scale.

R1578 55D. ZAJFMAN et al.





Heidelberg Trap

Trap 
@  

Weizmann 
Institue



Bent Trap 
@ WI

Construction 
@ LBL

Andrew Wong (undergrad) 
 @ Berkeley



Potential Contours

Simulated Ion 
Trajectories in Trap



Ion Behavior In the Trap
From simple arguments the width of the ion 
cloud in the trap should
increase as a function of the oscillation 
number (not all ion have the exact same 
energy). 

Wn = (W 2
0 + n2�T 2)1/2

dT

dv
!

4m

qF
"

2L

v2 ! 0. (5)

When the period of oscillation of the ions in the trap
was measured, it appeared that, at V1 ! 4.75 kV, the
value of T was minimum and that, for voltages below this
value, dT/dv # 0.

To understand the importance of dispersion function
dT/dv for a system of many interacting particles moving
in the trap, we represent their motion in the trap as a
sphere of radius R0 with charge density !, together with a

Fig. 2. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.2–0.22 ms, (b) 0.3–0.32, (c) 0.5–0.52, and
(d) 1–1.02 ms.

Fig. 3. Diffusion constant "T as a function of the voltage on the
last electrode of the mirrors.

Fig. 4. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.5–0.52, (b) 15–15.02, (c) 50–50.02, and (d)
90–90.02 ms.

1030 J. Opt. Soc. Am. B/Vol. 20, No. 5 /May 2003 Zajfman et al.

Signal in pickup electrode for 
different times after injection.

D. Zajfman et al., J. Opt. Soc. Am. B20, 1028 (2003)

Using the pickup, it is possible to measure the 
detuning coefficient for different values of the 
(outer) electrode potential.



Surprise...
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was measured, it appeared that, at V1 ! 4.75 kV, the
value of T was minimum and that, for voltages below this
value, dT/dv # 0.
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dT/dv for a system of many interacting particles moving
in the trap, we represent their motion in the trap as a
sphere of radius R0 with charge density !, together with a
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(d) 1–1.02 ms.
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For some values of the 
potential there is no dispersion!
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dT/dv for a system of many interacting particles moving
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Fig. 2. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.2–0.22 ms, (b) 0.3–0.32, (c) 0.5–0.52, and
(d) 1–1.02 ms.

Fig. 3. Diffusion constant "T as a function of the voltage on the
last electrode of the mirrors.

Fig. 4. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.5–0.52, (b) 15–15.02, (c) 50–50.02, and (d)
90–90.02 ms.
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Why?
V (x) =

�
0 |x| ⇥ L/2
F (|x|� L/2) |x| > L/2

1D model for the potential in the 
trap

T = 4
�

L

2�
+

m�

qF

⇥
Oscillation period for ion with 
initial velocity ν

dT

d�
=

4m

qF
� 2L

�2
= 0 Extremum (minimum) condition

For V1<4.75 KV (empirically, for 4.2keV 
Ar+ ions) dT/dν>0  

Handwaving explanation (but can be 
“proved” analytically)

Higher energy ions spend longer in the mirror 
region. On the way back they speed up the 
lower energy ions and get slowed by them. 

If you were an accelerator physicist 
you would call this:

“Negative Mass Instability”
(And try to avoid it!)



(SOME) POSSIBLE 
APPLICATIONS



So what is it good for? (1)
Mass 

Spectroscopy

Trap selective in q/E. 
Different isotopes 
have a different 
oscillation frequency 
in the trap (f∝1/√m)



Fourier Transform the pickup charge

Trap selective in q/E. 
Different isotopes 
have a different 
oscillation frequency 
in the trap. 

958 D Strasser et al
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Figure 3. Frequency spectrum obtained by fast Fourier transform of the pickup signal when a
bunch comprising two isotopes of singly charged xenon ions is injected into the trap. Only the
seventh harmonics are shown. The inset shows an enhanced view of the left peak.

approaches the values measured using the Fourier transform ion cyclotron resonance (FTICR)
technique [11], which is considered to be the most precise technique in general use available
today, but requires superconductor magnets to achieve high resolution. Additional studies
are needed to understand the limit of the mass separation: preliminary data show that, when
the mass difference between two species is very small, they tend to produce a single bunch
under the self-bunching conditions, a phenomenon known in FTICR as well, called peak
coalescence [11].
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�m/m ⇥ 7 · 10 �6

Resolution limited by 
lifetime (number of 
oscillations).
Lifetime in turn limited 
only by vacuum.



So what is it good for? (2)
Mass Selection

Apply RF pulse at correct frequency 
to “kick out” bunches with incorrect 
oscillation frequency.



The β-Decay EIBT Scheme 
So what is it good for? (3)

Trap moving ions in Electrostatic Ion Beam Trap. 

Simple, cheap setup. 
No need for acceleration of products - simple 
detection scheme. 
Kinematic focusing. 
Decay in field free region. 

Moving system - position of decay harder to infer. 
Large initial spatial extent (bunch).



β-Decay Studies 
The General Idea

Electric Field Free Region

Trapping Electrodes

Energy Detection

Energy Detection

Ion
Detector

Position
Detector

• Recoil ion detected in MCP.
• β detected in position detectors.
• Need bunch position for full reconstruction (multiple scattering of β in 

detectors).
• Large solid angle + kinematic focussing ➞ detection efficiency > 50%.
• No need for electrostatic acceleration (ions at ~keV). Decay in field free 

region.



 Why 6He?

Pure GT Decay

Recoil order corrections well 
under control



• Recoil ion detected in MCP.
• β detected in position detectors.
• Need bunch position for full reconstruction (multiple scattering of β in 

detectors).
• Large solid angle + kinematic focussing ➞ detection efficiency > 50%.
• No need for electrostatic acceleration (ions at ~keV). Decay in field free 

region.

1e6 events gives 0.6% stat. uncertainty



WIRED 
Weizmann  Institute Radioactive Electrostatic Device 

Experimental scheme 

NG 

30o magnet 

Trap  
chamber 

slits 
Quadrupole 

deflectors Chopper 
 

1 m 

FC FC 

FC 

Furnace 

EBIT 

WIRED  - beta  decay of 6He 

A) High energy (14 MeV) neutrons from a d+t NG hit a hot BeO target; 6He nuclei are produced.  
B) 6He atroms are transferred to an EBIT where they get ionized, accumulated, 
     and bunched and guided  
C) The ion bunch is injected into the EIBT for beta-decay studies. 
D) Data acquisition: signals from detectors are processed, recorded, and analyzed. 

NG 

FC 

9 

“In- House”  Research!   
R&D steps at the WI 

WIRED  - beta  decay of 6He 

Use infrastructure (Shielding, radiation protection, equipment) 
From now de-commissioned 14 MV Koffler accelerator 

25 

“In- House”  Research!   
R&D steps at the WI 

WIRED  - beta  decay of 6He 

Use infrastructure (Shielding, radiation protection, equipment) 
From now de-commissioned 14 MV Koffler accelerator 
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WIRED  - beta  decay of 6He 

E. Trap Chamber 

¾ Trap chamber arrived with most parts (MDC). 
¾ Trap electrodes ready by 24/8 (WIS) 
¾ HV power suppliers & fast switches were  
     also ordered  
¾ existing vacuum equipment (cryo\turbo pumps) 

Pressure~10-10 Torr 

MCP electron detector 

173mm 

trap 

54 
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E. Trap Chamber 

¾ Trap chamber arrived with most parts (MDC). 
¾ Trap electrodes ready by 24/8 (WIS) 
¾ HV power suppliers & fast switches were  
     also ordered  
¾ existing vacuum equipment (cryo\turbo pumps) 

Pressure~10-10 Torr 

MCP electron detector 

173mm 

trap 
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Where are we now @ WI/HUJI?







WIRED 
Weizmann  Institute Radioactive Electrostatic Device 

Experimental scheme 

NG 

30o magnet 

Trap  
chamber 

slits 
Quadrupole 

deflectors Chopper 
 

1 m 

FC FC 

FC 

Furnace 

EBIT 

WIRED  - beta  decay of 6He 

A) High energy (14 MeV) neutrons from a d+t NG hit a hot BeO target; 6He nuclei are produced.  
B) 6He atroms are transferred to an EBIT where they get ionized, accumulated, 
     and bunched and guided  
C) The ion bunch is injected into the EIBT for beta-decay studies. 
D) Data acquisition: signals from detectors are processed, recorded, and analyzed. 

NG 

FC 

9 

Trap
Stable isotopes trapped
Detectors: 
MCP’s
Plastic Scintillator with multiple 
photomultipliers

Electronics – ADC, TDC,…



• Recoil ion detected in MCP.
• β detected in position detectors.
• Need bunch position for full reconstruction (multiple scattering of β in 

detectors).
• Large solid angle + kinematic focussing ➞ detection efficiency > 50%.
• No need for electrostatic acceleration (ions at ~keV). Decay in field free 

region.



17Ne: 
16O + 3He ➙ 17Ne + 2n - 26.7 MeV Thershold 
19F + p ➙ 17Ne + 3n - 36.6 MeV Threshold (LiF Target) 
20Ne + 3He ➙ 17Ne + 6He - 27 MeV Threshold 
18Ne: Explored as a possible source for β beams 
19F + p ➙ 18Ne + 2n 

• 13 MeV Protons of LiF target, 3x10-5/p (Takayama (2009)) 
16O + 3He ➙ 18Ne + n - 3.2 MeV threshold 
20Ne + p ➙ 18Ne + t - 20 MeV threshold 

19Ne: 
20Ne + n ➙ 19Ne + 2n - 16.8  MeV threshold 
20Ne + p ➙ 19Ne + d - 15 MeV Threshold 
19F + p ➙ 19Ne + n 

• 4 MeV Threshold 
• (10-3/p for thick LiF, Kitwanga et. al (1990) ). 

19F + 3He ➙ 19Ne + t - 3.2 MeV Threshold 

23Ne: 
23Na + n ➙ 23Ne + p - 3.7 MeV threshold (neutron production target). 
26Mg + n ➙ 23Ne + alpha - 5.6 MeV threshold (neutron production target). 

24Ne: 
26Mg + n ➙ 23Ne + 3He - 18 MeV threshold (neutron production target).

NEON ISOTOPE PRODUCTION





Production Tests - 23Ne

23Ne production and transport 
demonstrated.
Currently replacing heating 
element to increase yield.

Tom Segal, Yonatan Mishnayot, Micheal Hass, Ist 
Makul, and GR, In preparation



WIRED 
Weizmann  Institute Radioactive Electrostatic Device 

Experimental scheme 

NG 

30o magnet 

Trap  
chamber 

slits 
Quadrupole 

deflectors Chopper 
 

1 m 

FC FC 

FC 

Furnace 

EBIT 

WIRED  - beta  decay of 6He 

A) High energy (14 MeV) neutrons from a d+t NG hit a hot BeO target; 6He nuclei are produced.  
B) 6He atroms are transferred to an EBIT where they get ionized, accumulated, 
     and bunched and guided  
C) The ion bunch is injected into the EIBT for beta-decay studies. 
D) Data acquisition: signals from detectors are processed, recorded, and analyzed. 

NG 

FC 

9 

Furnace + BeO Target

The 14 MeV neutrons hit a hot 
(1500K) BeO target, as a result , 
6He nuclei are produced via the 
(n,α) reaction.

Porous BeO 80 mm x 2 mm  
discs delivered and stored



New, (very) high current p/d accelerator (5mA/up to 40MeV) under 
construction at SOREQ. 

Neutron production also possible with Liquid-Li (for eg., but under 
construction). 

Currently running d beams on LiF target (SARAF/WI) for neutron 
beam production (very similar energy to NG).

SARAF



SARAF Projected Yields



SARAF Projected Yields





SARAF Phase-I Target Area
~2MEuro project approved by IAEA + Support from Pazy 
Foundation.
Construction of dedicated beam line, 2 production targets, and 4 
experimental areas.
Experimental areas for: Laser lab, EIBT, Neutron activation, 
Positron production.
Target date - labs open mid 2017.

Existing
Beamline



SARAF Phase-I Target Area
~2MEuro project approved by IAEA + Support from Pazy 
Foundation.
Construction of dedicated beam line, 2 production targets, and 4 
experimental areas.
Experimental areas for: Laser lab, EIBT, Neutron activation, 
Positron production.
Target date - labs open mid 2017.



SARAF Phase-I Target Area

Production area:
2 production targets 
(LiLiT + Replaceable)

Lab Areas:
Electrostatic trap
MOT Trap
Activation measurements
Slow positron beam





Newest Idea - OLIVIA 
(MIT/MSU/HUJI)

High precision measurement of the 8Li beta decay.

Use Time Projection Chamber instead of trap.

Full 3D reconstruction of kinematics.

Cathode	Mesh	
-7.5kV	

Ground	Mesh	

Anode	700V	

E	=	
2kV/mm	

!#$%&'(	
e-	

e-	
e-	

e-	e-	 e-	e-	e-	 e-	e-	e-	 Readout	

87.5%	4He/Ne	+		12.5%	
CF4	@	600	Torr	



 Why 8Li?

Pure GT
Decay

Immediate decay into α+ α 
(easy to detect)

Recoil order corrections well 
under control





38	

‘Typical’	simulated	events	@	200	Torr	
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33	mb	

+	Transport	8Li	to	
the	TPC	using	a	gas	

flow	system	

Based	on	the	SNO	8Li	calibraBon	system	
arXiv:		0202024	(2002)	

8Li	Produc+on	using	a	DT	generator:	11B(n,!)8Li	



BETA DECAY STUDIES WORLD WIDE 
(PARTIAL LIST)

Nathal Severijns – BriX workshop, Oostende, March 25-26, 2013 
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