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Beta Decay
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!
"𝑋 → !∓$

"𝑌 + 𝑒∓ + &𝜈%(𝜈%)

In Simplest Form, Muon decay

Measurement of Fermi Constant

Neutron Decay

Access to quark mixing element 𝑉!"

Nuclear Beta decay

Many Systems available 
experimentally

Fermi: 𝜈 + 𝛽 do not carry total angular 
momentum  ⇒ 𝐽#= 𝐽$
Gammow-Teller:  𝜈 + 𝛽 carry unit total 
angular momentum ⇒ 𝐽#= 𝐽$ , 𝐽$ ± 1



Efforts, Worldwide
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M. González-Alonso et al. / Progress in Particle 
and Nuclear Physics 104 (2019) 165–223 

Atom Trap

Ion  Trap

Beam



Nab @SNS
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Fundamental Neutron Physics Beamline:
𝑛𝑝 → 𝑑𝛾
n3He
Nab
nEDM



Neutron Beta Decay
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Nab Goal:

𝑎 = − 0.1059 ± 0.0028

∆𝑎
𝑎
= 0.1% ∆𝑏 = 3×10+,

𝑏 = 0.017 ± 0.020

Beta-neutrino correlation

𝑎 =
1 − 𝜆 !

1 + 3 𝜆 ! Neutron lifetime Γ = 𝜏"#$ =
!%
ℏ
𝐺'!𝑉()! 1 + 3 𝜆 ! ∫ 𝜌 𝐸* 𝑑𝐸*,

𝜆 = 𝑔+/𝑔,

PDG20

J. Jackson[Phys. Rev. 106, 517 (1957)]

Vincenzo [Phys. Rev. Lett. 129, 121801(2022)]



𝑎𝛽𝜈measurement in Nab
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𝑝- + 𝑝. + 𝑝/0! = 0 𝑝-1 = 𝑝-1 + 𝑝/0!
1 + 2𝑝.𝑝/0!𝑐𝑜𝑠𝜃.0

𝑐𝑜𝑠𝜃.0 =
1
2
𝑝-1 − (2𝐸.1 + 𝐸21 − 𝑒𝐸2𝐸.)

𝐸.(𝐸2 − 𝐸.)

Momentum conservation kinematics for beta decay,

Neglecting proton recoil energy, 𝐸2 = 𝐸/0! + 𝐸.

𝑑𝜔 ∝ 1 + 𝑎𝛽𝑐𝑜𝑠𝜃23
1 + 𝑎𝛽 4!"5(78#"98$"528$8#)

7 8#(8$ 58#)

So, the neutron decay rate,



𝑎𝛽𝜈 measurement in Nab
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For given 𝐸.,
o 𝑐𝑜𝑠𝜃./0 is a 

function of  𝑝1

o Multiple 
measurement of a 
for different 
energy cut

D. Počanić et al., NIM A 611, 211 (2009)



Nab Measurement Scheme
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Proton Trajectory

Magnetic Field
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• Employ E x B field to guide, proton to the upper detector 
• Measure Electron energy via upper & lower silicon detectors
• Measure proton momentum via Time-of-Flight in upper 

detector
𝑡% =

𝑚%

𝑝%
6
&!

' 𝜕𝑧

1 − 𝐵 𝑧
𝐵(

sin) 𝜃%,( +
𝑞(𝑉 𝑧 − 𝑉(

𝐸%,(

W. Fan, UVA

𝐸%~ 800 𝑒𝑉

S. Baeßler et al., J. Phys. G 41, 114003 (2014)



Nab Spectrometer
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Images: J.Fry,  A. Jezghani

General Idea: J.D. Bowman, Journ. Res. NIST 110, 40 (2005) 
Original configuration: D. Počanić et al., NIM A 611, 211 (2009)
Asymmetric configuration: S. Baeßler et al., J. Phys. G 41, 114003 (2014)



Uncertainty Budget
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Experimental parameter Main specification ⁄𝚫𝒂 𝒂 𝒔𝒚𝒔𝒕

Magnetic field
... curvature at pinch Δ𝛾/𝛾 = 2%with 𝛾 = 𝑑$ 𝐵%(𝑧)/𝑑𝑧$/𝐵%(0) 5.3·10-4
… ratio rB = BTOF/B0 (Δ𝑟&)/𝑟& = 1% 2.2·10-4
… ratio rB,DV = BDV/B0 (Δ𝑟&,())/𝑟&,() = 1% 1.8·10-4
Length of the TOF region none
Electric potential inhomogeneity:
… in decay volume / filter region 𝑈* −𝑈() < 10mV 5·10-4
… in TOF region 𝑈* −𝑈+,* < 200mV 2.2·10-4
Neutron beam:
… position Δ𝑧() < 2mm 1.7·10-4
… profile (including edge effect) Slope at edges < 10%/cm 2.5·10-4
… Doppler effect small
… Unwanted beam polarization 𝑃- ≪ 10./ 1·10-4
Adiabaticity of proton motion 1·10-4
Detector effects:
… Electron energy calibration Δ𝐸 < 0.2 keV 2·10-4
… Shape of electron energy response fraction of events in tail to 1% 4.4·10-4

… Proton trigger efficiency 𝜖0 < 100 ppm/keV 3.4·10-4

… TOF shift due to detector/electronics Δ𝑡0 < 0.3 ns 3.9·10-4
Electron TOF small
Residual gas 𝑝 < 2 ⋅ 10.1 torr 3.8·10-4 (prelim.)
TOF in acceleration region Δ𝑟2345-6 78. < 0.5mm 3·10-4 (prelim.)
Background / Accidental coincidences small
Sum 1.2·10-3

o Expect 1600 decay/s in 
decay Volume.

o ~200 proton/sec

o 3.8×10F events in 6 weeks
o

-.
. /0.0

~ 2 ×10#1

o Over two years dedicated
o 4.4 ×102 protons(in det.)
o

-.
. /0.0

~ 7 ×10#3



Nab Spectrometer and Magnet

5/11/23 INT, 2023 1111

n beam 

Downstream 
Detector and HV 

Cage

upstream Detector 
and HV Cage B

eam
 D

um
p

Magnet first installed in 2018



Detector System
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Detector
• 15 cm diameter, full 

thickness: 2mm
• 127 pixels, dead layer < 

100nm
• Energy resolution ~ few 

keV, proton threshold: 
10keV

• Detector testing at Manitoba
and ORNL

• Detailed pulse shape 
analysis by L. Hayen
arXiv:2212.03438v1



Detector Cooling
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• The cooling system must run continuously for extended 
periods.
Cooling loop recirculating system

• Minimize noise due to microphonics
Helium instead of liquid Nitrogen.

• Tunable. 
Mass Flow Controller, in line heater with PID

cooling power = ΔT*flow rate 

ΔT = Tdetector-Thelium from coldhead

Tdetector = 170 K

courtesy: Love Christie



Detector Cooling
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Use of Counterflow heat 
exchanger.

Separate cryocooler for each 
detector.

Projected Tdet. = 120-130 K

courtesy: Love Christie



DAQ
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1. ADC resolution 
• 2 keV resolution for precise 
energy determination

2. Identify Signals
1. 2x FPGA Chassis, 32 NI PXIe 

5171 FPGAs total
2. Both inside HV boxes

3. Parse identified signals
1. Identify coincident particles

4. Output relevant information 
to replay server
1. Additional analysis if desired

5. Archival and Export

1. Can identify signals at a rate of 
50kHz

2. Parse through triggers to 
identify coincident protons and 
electrons

3. Data is replayed and 
compressed into HDF5

4. Exported to RAID and offline 
servers
1. LTO tapes for archival

Expect, post compression, around 
50 MB/s or ~25 TB/week in total!

courtesy: David Mathews



Neutron beam polarization
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For Unpolarized Target

If net polarization in the beam

To reach Nab goal

• Completely unpolarized 
beam

• Flip the neutron spin 
and average over time



Neutron Polarization: Measurement
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The capture Cross section for reaction :
3He + n → p + 3H        highly spin dependent.

It is minimum when the spins are aligned and maximum with spins anti-aligned.

𝑇4 = 𝑁𝑒#5 𝜅 = 𝑛𝑙𝜎4
𝜆
𝜆4

For unpolarized He cell.

𝑇(6 = 𝑁 1 − 𝑃" tanh 𝜅𝑃7* 𝑒#5 cosh 𝜅𝑃7*

For polarized cell.  aligned spin

For polarized cell.  anti-aligned spin

𝑇(6 = 𝑁 1 + 𝑃" tanh 𝜅𝑃7* 𝑒#5 cosh 𝜅𝑃7*

𝑅() =
𝑇()
𝑇*

, 𝑅+, =
𝑇+,
𝑇*

𝑃, =
𝑅+, − 𝑅()

𝑅() + 𝑅+,
- − 4



Neutron Polarization: Measurement
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o First measurements last year.
o Used 3He cell upstream.
o Neutron spin flipper not used.
o Flipped He spin via AFP
o Flux measurement upstream &

downstream.
o Measurements

o ~3 days of data
o He cell lifetime: 81.6 ± 2.1 ℎ𝑟𝑠
o AFP efficiency: 99.93%
o Data taken with and without choppers.
o Holding field gradient: ~10-6(sim)
o npol 0 ± 0.01 preliminary

o Problems
o Nab magnet was off
o Det. Efficiency drift by 20%

3He cell is placed in Merritt coils

Chelsea Hendrus, Sepehr Samiei, 
S.Baeßler, Jason Pioquinto



Neutron Polarization: Spin Flipper
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o Why we need spin flipper:
o Δ𝑝"~10#8 measurement is long shot.
o Alternating n-flip will average out the net

flip

o Adiabatic Fast Passage Spin Flipper
o RF Solenoid
o Static Gradient Field

o Characterization
o Field Measurements.
o Testing at HFIR



Magnet
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Magnet stopped cooling in July 2022 Repair Started Early this year



Current Status and Outlook
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o Magnet:
o Successful cooldown two weeks ago.
o Successfully energized to specifications

o Electrodes:
o Installed

o Detectors:
o Getting ready to install.
o Currently cooling in test stand and debugging.

o Detector Cooling:
o Separate cryocooler for both the detectors

o DAQ:
o Ability to simultaneously read data from two DAQs

o Polarization:
o Spin flipper out of beamline.
o Planned tests at HFIR
o Neutron monitor efficiency measurements at HFIR



Main project funding: 

The Nab Collaboration
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Nuclear Beta Decay
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Beta decay rate for polarized target:
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𝑎𝛽𝜈 in nuclear decays 
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The Beta Nu correlation coefficient:

( ) ( )2 2 2 22 2 2 2 2 21
3F V V S S GT A A T TM C C C C M C C C C' ' ' '

bna µ + - - - + - -

0 0 0 0

𝛼ST =   1  for pure Fermi Transition
= - U

V
for pure GT

or combination for mixed transition

SM predictions:

Mardor et. al. 2018
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Soreq Applied Research Accelerator Facility
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𝑎𝛽𝜈 measurement in 23Ne Roadmap 
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Ø Produce 23Ne by n,p
reaction

Ø Measure Branching Ratio,
(to reduce unc in 𝑎ST meas.)

Ø Trap in MOT, to precisely  
measure recoil ion energy 
distribution

Ø Compute recoil energy 
dist. for each transition, 
for various 𝑎ST and 
compare to exp.



Branching Ratio and Reanalysis:
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First Measurement of 𝑎𝛽𝜈 in 23Ne was done  
by Carlson in 1960 at Oak Ridge National
Lab reactor

Carlson, Physical Review, 132(5):2239, 1963.

Penning, Physical Review, 105:647–651,1957.
Mishnayot, Glick-Magid, HR, et al., arXiv:2107.14355 



Neutral Atom Trapping
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ℎ/𝜆 ℎ/𝜆

Two level Atom

Δ𝑝⃗ = 𝑁ℏ𝑘 𝑧̂

AbsorptionΔ𝑝⃗ = 0

Emission

At Rest ΔE = ℎ/𝜆 In Motion ΔE = ℎ/𝜆′

Red/Blue Doppler shift

Cooling Force.

𝑠 −
𝐼
𝐼W
𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

𝛿 = 𝜔 − 𝜔W − 𝑑𝑒𝑡𝑢𝑛𝑖𝑛𝑔, Γ − 𝐿𝑖𝑛𝑒𝑤𝑖𝑑𝑡ℎ



Neutral Atom Trapping
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ØDoppler cooling alone cannot do the 
trapping

Ø For that we need position dependent 
force.

Ø Inhomogeneous magnetic field 
& circularly polarized beams

ØΔE = −𝜇⃗ ⋅ 𝐵 = 𝜇e𝐵𝑔𝑚f

Ø𝜎 ± 𝑑𝑒𝑟𝑖𝑣𝑒𝑠 𝛿𝑀g = ±

Ø For 3D trap we need 6 such beams



Magneto Optical Trap 
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RF source & Zeeman Slower

~70 MHz, 15 W power,   from 800m/s to 50 m/s

Deflection 

& Trap



MOT
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Deflection 
Stage
Isotope and state Selective

Trap 
Chamber

From Zeeman 
Slower

Ø 3 Retroreflective 
Beams
+ Anti-Helmholtz 

coils

Ø ~5Γ Detuning 

Ø Trapped both stable 
isotopes of Neon

Ø ~20 sec trap lifetime

Ø Efficiency  ~ 10-10

BO, HR et. al.: Phys. Rev. Lett. 123, 063401 (2019)



Detector for recoils:
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o Trigger on Shakeoff-e

o Direct detection of recoil ion energy 
(100% collection)

(Magneto-optical-trap with High energy Velocity Map Imaging)

BO, HR et. al.: Phys. Rev. C 101, 035501 (2020)

Parameter Effect on 𝒂𝜷𝝂(%)

Shift along detection axis(0.2mm) < 0.3

Trap Radial shift(0.2mm) < 0.1

Trap volume(x 1.5) < 0.1

Lens Voltage(0.1%) <0.2

Lens Diameter(0.4mm) 0.4



Conclusions:
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o Made the MOT.

o Loaded 20Ne, 22Ne stable isotopes.

o Successfully produced ~108  23Ne.(More in SARAF Phase II)

o Measured branching Ratio for 23Ne.

o Reanalysis of Carlson data allows for 1.02% measurement of 𝑎𝛽𝜈



23Ne Collaboration:
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Hebrew University of  Jerusalem Israel
Prof. Guy Ron(PI)
Ben Ohayon
Vishal Srivastava
Doron Gazit
Ayala Glick-Magid

Soreq
Tsviki Hirsh
Sergey Vaintraub

LLNL
Jason Burke
Nick Scielzo
Aaron Gallant
Yonatan Mishnayot

Weizmann Institute 
Oded Heber



Main project funding: 

The Nab Collaboration
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Beam Flux measurement
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Upstream Monitor
• Counting type detector with 14N + CF4 gas mixture
• Able to detect individual neutrons. 
• Used with preamp to get single neutron event.
• Produces narrow signals. ~500ns width

Downstream Monitor:
• Thick Monitor filled with 3He. 
• Does not detect individual neutrons and needs high flux.
• Produces current proportional to neutron flux.

DAQ:
• Our DAQ contains voltage ADC, with 48 channels.
• It works in triggered mode 
• Triggered by signal form SNS at 60Hz.
• For each trigger, data is sampled at 400us, for ~16ms, 

i.e, 40 time bins  



Beam Flux Measurement
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Can’t directly incorporate, current upstream monitor in DAQ

• dynamic range

• Large integration time
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Beam Flux Measurement
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UpstreamMonitor DownstreamMonitor Wavelengthcalibrated



Electrode System:
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Neon scheme & isotopes
Ne Even isotope energy Scheme:

𝟕𝟒 𝒏𝒎
𝜏~15 𝑠

Trappable 
transition

𝟔𝟒𝟎 𝒏𝒎

5/11/23 INT, 2023 41



Detection System:
• hollow cavity of 10mm 

diameter, 6 mm height
• 75 micron Be for 𝛽

transmission

Neon 
Cell:

• Thin and Thick scintillation 
detectors 

• make electron telescope to 
identify 𝛽.

Electron 
Detection:

• Gammas are detected with 
highly pure Germanium 
Detector

• p-Type 40%

Gamma 
Detection:

•Preamplifiers + CAEN N6780 
digital MCA module. 

•Data collection in list mode we 
searched for triple coincidence 
event.

Data 
Acquisition

Neon Cell

Thick 
Scintillator

Thin 
Scintillator

HPGE

Shielding 
for beta

5/11/23 INT, 2023 42



Data Analysis/Preliminary

----- – dE-E
----- – dE-HPGe
----- – E-HPGe

tdiff(ns)
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Background Correction- Geant4 
Simulation

Ø Neon 23 is flowing Through pipes/ Turbo etc.

Ø Possibility of lots of β background

Ø Thick Ta Foils Between β detector & cell during 
expt.( no. β expected in detector)

Ø Still β events observed.

Ø Could be β from background/bremsstrahlung

Ø Using G4 to discriminate between 
background/Bremsstrahlung.
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Preliminary
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