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Problem - Most of the easy ones are 
quadratic in BSM terms 

e.g.
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To access the ones linear in the BSM 
terms one needs (some of): 
•Polarized nucleus (somewhat easy) 
•Electron energy (harder) 
•Neutrino energy (impossible, but can 

use recoil energy instead) 
•Electron polarization (hard)
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Anatomy of an Experiment
Produce Radioactive Atoms 

(Produce, Transport, Neutralize)

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

Wait...

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

Analyze and compare to SM



2018 Review, Naviliat-Cuncic, Severins 



A small and biased sample of efforts 
8Li @ Argonne

Courtesy Nick Scielzo
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A small and biased sample of efforts 
TRINAT @ TRIUMF

Courtesy John Behr and Dan Melconian 
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TRIUMF Neutral Atom Trap for  decay

Most accurate  asymmetry
Fenker PRL 120 062502 (2018)
In terms of Vud

Future:
Finalize  and improve
T-violation in 37K ->  37Ar 
unique for 1st generation

Spin asymmetry of nuclear recoils
similar sensitivity to 4-fermion 
contact interaction as LHC!
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A small and biased sample of efforts 
NEAT @ HUJI



aa  from recoil ion
Know your branching ratios.

Compute recoil energy 
dist. for each transition, 
for various $%& and 
compare to experiment.

Some complicated 
math

Higher order 
corrections



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)



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



Pure GT Decay

Almost Pure 
GT Decay



24Ne

Pure GT
Decay



The NeAT Setup

Neon enters 
here
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The NeAT Trap

Neon enters 
here

Trap

Actual trap
(~10000 Atoms)



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 
and induced dipole moment:
p̃ = �Ẽ

Udip = �1
2
hpEi

Udip(⌅r) =
3⇤c2

2w3
0

�
⇥

I(⌅r)

⇥sc(⌅r) =
3⇤c2

2~w3
0

✓
�
⇥

◆2

I(⌅r)
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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).
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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
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A small and biased sample of efforts 
WIRED @ HUJI



Einzel
Lens

ElectrostaticMirrors

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.





!-Decay Studies 
The General Idea

Electric Field Free Region

Trapping Electrodes

Energy Detection

Energy Detection

Ion
Detector

Position
Detector

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

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

region.



6He

Pure GT Decay

Recoil order corrections well 
under control



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



Summary

• Lots of new experiments coming on and finalizing 
measurements.


• The “standard” aβ𝝊 experiments are being augmented by 
other correlation measurements, some of which will be 
linearly sensitive to the BSM terms.


• All experiments are aiming for O(10-3/4)

• What we need (as experimentalists):


• Branching ratios (eg. for 23Ne the largest uncertainty is 
the BR).


• Decent calculations of radiative corrections for the 
heavier nuclei.


• Recoil order corrections (Doron/Ayala/et al.)

• To agree on a standard notation!!!! 


