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Nab is an Unpolarized Measurement

Parametrization of Neutron Beta Decay
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To extract a, we use an unpolarized neutron beam and set the spin
correlation terms to zero. The Fierz interference term, b, is zero in the
Standard Model.

∂3ω

∂Ee∂Ωe∂Ων
∝ peEe(E0 − Ee)2

[
1 + a

~pe · ~pν
EeEν

]

E. Mae Scott for the Nab Collaboration (University of Tennessee, Knoxville)Magnetometry for the Nab Experiment October 31, 2020 2 / 32



Extracting a in the Nab Experiment

Γ = f (Ee)
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Determining cosθeν
• Known Q value of

neutron beta decay

• Ee

• pp

Figure: Pocanic et al, NIMA 611 (2009) 211,
Baessler et al, AIP Conf Proc 1560 (2013) 114
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Nab Experimental DesignSo how does Nab actually work?

Segmented
Si detector

decay volume 
(field rB,DV∙B0)

0 kV

0 kV

30 kV

Neutron
beam

TOF region
(field rB∙B0)

Nab uses segmented Si detectors for both electron and 
proton detection. Electron energy is large enough to be 
easily measured, but proton momentum must be extracted 
from the proton time of flight (TOF).

We use the coincidence between the detection of an 
electron and a proton to determine the TOF.

Ee  783 keV
<latexit sha1_base64="ciJJqCZzUGgwY7ylApET15aofgA=">AAAB/nicbVBNS8NAEN34WetXVDx5WWwFTyVpD+2xKILHCvYD2hA222m7dLOJuxuhhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAtizpR2nG9rbX1jc2s7t5Pf3ds/OLSPjlsqSiSFJo14JDsBUcCZgKZmmkMnlkDCgEM7GF/P/PYjSMUica8nMXghGQo2YJRoI/n2afHGT2GKexwecLVWwUU8hpZvF5ySMwdeJW5GCihDw7e/ev2IJiEITTlRqus6sfZSIjWjHKb5XqIgJnRMhtA1VJAQlJfOz5/iC6P08SCSpoTGc/X3REpCpSZhYDpDokdq2ZuJ/3ndRA9qXspEnGgQdLFokHCsIzzLAveZBKr5xBBCJTO3YjoiklBtEsubENzll1dJq1xyK6XyXblQv8riyKEzdI4ukYuqqI5uUQM1EUUpekav6M16sl6sd+tj0bpmZTMn6A+szx8txpOu</latexit>

Ep  .3 keV
<latexit sha1_base64="hYyfm3CN3JwuVaqSqC5c91p5B2I=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyFpF7osiuCygn1AG8JketMOnTycmQg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3Hj/hTCrb/jYKK6tr6xvFzdLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT90dXUbz+AkCyO7tQ4ATckg4gFjBKlJc88qlx7WTLBPQ732KrhCh5ByzPLtmXPgJeJk5MyytHwzK9eP6ZpCJGinEjZdexEuRkRilEOk1IvlZAQOiID6GoakRCkm82un+BTrfRxEAtdkcIz9fdERkIpx6GvO0OihnLRm4r/ed1UBRduxqIkVRDR+aIg5VjFeBoF7jMBVPGxJoQKpm/FdEgEoUoHVtIhOIsvL5NW1XJqVvW2Wq5f5nEU0TE6QWfIQeeojm5QAzURRY/oGb2iN+PJeDHejY95a8HIZw7RHxifP7Fak24=</latexit>Ee ≤ 783keV

Ep ≤ 30keV

Observables
• Ee - electron energy

• tp - proton time of flight
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Nab Experimental Design

Nab: Method and Magnetic Field 
Requirements
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Since we observe the proton TOF 
instead of the momentum, we need 
to characterize the flight path due to 
the field.

The table below shows relative 
uncertainty limits we need to  
achieve an uncertainty of 10-3 in a. 

Experimental 
Parameter

Systematic Limit

γ = -1/B(dB/dz) ∆γ /γ < 2 x 10-2

rB = BTOF/Bfilter ∆rB /rB < 10-2

rB, DV = BDV/Bfilter ∆rB, DV /rB, DV < 10-2

1

t2p
=

p20
m2

p
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dl
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− B
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sin2θ0
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Extracting a in the Nab Experiment

Pp(p2p) =





1 + aβe
p2p + p2e + p2ν

2pepν
for

∣∣∣∣
p2p + p2e + p2ν

2pepν

∣∣∣∣ < 1

0 otherwise

Determining cosθeν
• Known Q value of

neutron beta decay

• Ee

• pp
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The Nab Experiment

FNPB Beamline

Roof of “Cave”

Y axis

Z axis

Nab Magnet
Beam Stop

Pit below Magnet
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Precision Requirements

Nab systematic uncertainties
Experimental Parameter Principle specification (∆a/a)syst

Magnetic Field:
curvature at pinch ∆γ/γ = 2% with γ = (d2Bz(z)/dz2)/Bz(0) 5.3× 10−4

ratio rB = BTOF/B0 (∆rB)/rB = 1% 2.2× 10−4

ratio rB,DV = BDV /B0 (∆rB,DV )/rB,DV = 1% 1.8× 10−4

LTOF , length of TOF region (* Free fit parameter)
U inhomogeneity:

in decay / filter region |UF − UDV | < 10 mV 5× 10−4

in TOF region |UF − UTOF | < 200 mV 2.2× 10−4

Neutron beam:
position ∆〈zDV 〉 < 2 mm 1.7× 10−4

profile (incl. edge effect) slope at edges <10% / cm 2.5× 10−4

Doppler effect analytical correction small
unwanted beam polarization measure

Adiabaticity of proton motion 1× 10−4

Detector effects:
Ee calibration ∆Ee < 200 eV 2× 10−4

proton trigger efficiency ∆Ntail/Ntail ≤ 1% / cm 3.4× 10−4

TOF shift (det./electronics) εp < 100 ppm/keV 3× 10−4

shape of Ee response 4.4× 10−4

TOF in acceleration region relectrods (prelim) 3× 10−4

electron TOF analytic correction small
BGD/accid. coinc’s (will subtract out of time coinc) small

Residual gas P < 2 · 10−9 torr 3.8× 10−4

Overall sum 1.2× 10−3
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Spectrometer Uncertainties

Spectrometer systematic uncertainties
Experimental Parameter Principle specification (∆a/a)syst

Magnetic Field:
curvature at pinch ∆γ/γ = 2% with γ = (d2Bz(z)/dz2)/Bz(0) 5.3× 10−4

ratio rB = BTOF/B0 (∆rB)/rB = 1% 2.2× 10−4

ratio rB,DV = BDV /B0 (∆rB,DV )/rB,DV = 1% 1.8× 10−4

LTOF , length of TOF region (* Free fit parameter)

Overall sum 6.0× 10−4
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Mapping Requirements

Nab: Method and Magnetic Field 
Requirements
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Since we observe the proton TOF 
instead of the momentum, we need 
to characterize the flight path due to 
the field.

The table below shows relative 
uncertainty limits we need to  
achieve an uncertainty of 10-3 in a. 

Experimental 
Parameter

Systematic Limit

γ = -1/B(dB/dz) ∆γ /γ < 2 x 10-2

rB = BTOF/Bfilter ∆rB /rB < 10-2

rB, DV = BDV/Bfilter ∆rB, DV /rB, DV < 10-2
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Mapping the Field: Physical Challenges

• The range of field strength
requires the use of a Hall Probe,
which must operate at room
temperature.

• The hall probe position must
be measured with respect to
the magnet.

• We must align the probe
normal to the field to measure
the magnitude of the field to a
10−4 precision.
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Solution: Insertion of an Inverted Dewar

Atmosphere
Room 

Temperature 

Vacuum
~70 C

• We inserted an
aluminum dewar
wrapped in mylar
superinsulation to create
an ”inverse dewar”
inside the magnet.

• While the magnet is
cold, we can access most
of the field inside this
room temperature
dewar.
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Solution: Connecting Calibrated Hall Probe and Leica
Laser Tracker

1
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Solution: Design of the Off Axis Hall Probe Holder

Figure: Iteration 15 tilt
table.

• Since our field is cylindrically symmetric, on
axis fields will align vertically.

• For off axis fields, I designed a ”tilt table” that
rotates the Hall probe radially and measures
the peak magnitude of the field.

• This tilting can be done from a distance of
about 6 meters using a cable system similar to
bike brakes.
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Dewar Data
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Mapping the Field: Analysis Challenges

• We need to use the data to
find a full field expansion
from the on axis data.

• We must find the magnetic
field axis, not the mechanical
axis of the magnet can.
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Theoretical Off Axis Expansion
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Off Axis Expansion of Real Data
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Performing the off axis expansion shows that there is some discrepancy
between the expected off axis field and the measured field.
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Finding the Magnetic Field Axis
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Run 609, Fit from offsetting the data by (-0.20,0.12)

We have two agreeing
methods for determining
the magnetic axis!

• Radial: (−0.21± 0.03,
0.12± 0.02) cm

• Bessel: (−0.186± 0.007,
0.105± 0.007) cm
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Figure: Courtesty of J.Fry
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Conclusions and Future Work

• We have a method for expanding the
field from on axis data that is good to
10−2

• We also have two agreeing
independent methods for determining
the magnetic axis from the filter
region.

• Analysis of data to find offset in other
parts of the field is in progress.
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Thank you for Listening

Any Questions?
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Bonus Slides
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Off Axis Expansion of Real Data

250− 200− 150− 100− 50− 0
Z position (mm)

1.5

2

2.5

3

3.5

4

B 
Fi

el
d 

(T
)

Off Axis Field Data

Back Transformation to Off Axis

A trimmed FFT with Hann Windowing

E. Mae Scott for the Nab Collaboration (University of Tennessee, Knoxville)Magnetometry for the Nab Experiment October 31, 2020 24 / 32



Off Axis Expansion of Real Data

If the off axis data is
shifted by 8mm...
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Solution: Expansion of Field using Modified Bessel
Functions

The interior of the spectrometer is free of current and can be modeled as a
solution to Laplace’s equation:

~H = −∇Φ→ ∇2Φ = 0

Assuming cylindrical symmetry, this is separable into radial and axial
variables.

∂2Z

∂z2
= −k2Z → Z (z) = a1 sin(kz) + a2 cos(kz)

ρ2
∂2R

∂ρ2
+ ρ

∂R

∂ρ
− k2ρ2R = 0 → R(ρ) = b1I0(kρ) + b2K0(kρ)
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Solution: Expansion of Field using Modified Bessel
Functions

Bessel Function Expansion

Bz(ρ, z) =
δΦ

δz
=
∞∑
−∞

ikI0(kρ)fke
ikz

Bρ(ρ, z) =
δΦ

δρ
=
∞∑
−∞

kI1(kρ)fke
ikz

At ρ = 0, the Bz reduces to a Fourier series. If the transform is discretized
as k = 2πn/L, z = mδz , and L = Nδz

F [n] =
1

N

N−1∑
m=0

B[m]e−i2πnm/N

Fz [n] = I0(
2πnρ

L
)F [n]→ Bz [m] =

N−1∑
n=0

Fz [n]e i2πnm/N

Fρ[n] = −iI1(
2πnρ

L
)F [n]→ Bρ[m] =

N−1∑
n=0

−Fρ[n]e i2πnm/N
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The data is not as good for fitting the upper detector...
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The data is not as good for fitting the upper detector...
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The data is not as good for fitting the upper detector...
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This 3 dimensional fit determined that the offset in x and y is
(0.299± 1.79, −2.665± 2.17) mm.
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Solution: Mapping the Field and Testing for Cylindrical
Symmetry

By expanding the field in terms of sine and cosine, we can have a fit
function with 2n + 1 parameters, consisting of the Fourier coefficients and
the offset in x and y.

Bmod(z) =
√

B2
z + B2

ρ

Bz(z) =
∑

n=0

I0(2πnρ/L)

[
C [n] cos(2πnz/L)− D[n] sin(2πnz/L)

]

Bρ(z) =
∑

n=0

I1(2πnρ/L)

[
C [n] sin(2πnz/L) + D[n] cos(2πnz/L)

]

Choosing a sufficiently large L will restrict high wavenumber effects. This
is optimized manually.
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Mapping the Field: Analysis Challenge 2

• The spectrometer magnet is a
series of solenoids.

• It is possible that the coils are
offset from the physical flanges
of the magnet.
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Solution: Mapping the Field and Testing for Cylindrical
Symmetry
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This 3 dimensional fit
determined that the
offset in x and y is
(−1.86± .07,
1.05± 0.07) mm.
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Solution: Mapping the Field and Testing for Cylindrical
Symmetry

r [m]
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Prob       1
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Prob       1
p0        0.009388± 3.997 
p1         69.8± -488.5 
p2        1.231e+05± 2.865e+05 

Run 609, Fit from offsetting the data by (-0.20,0.12)

This agrees with the radial
series fit of the magnetic
axis!
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• Bessel: (−0.186± 0.007,
0.105± 0.007) cm

Xave [cm]
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Y
a

v
e

 [
c
m

]

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

4.05

4.1

4.15

4.2

4.25

4.3

0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
0.022

contour, phi scan, file rootFiles/run_609_Mae.root, min is 0.001057 at (-0.200, 0.120)2χ

chi^2 contour, scanning

for magnetic center

chi^2

|B| [T]

Figure: Courtesty of J.Fry
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Figure 4: YZ section 
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