Magnetometry for the Nab Experiment

E. Mae Scott for the Nab Collaboration

University of Tennessee, Knoxville

2020 DNP

E. Mae Scott for the Nab Collaboration (Uniy

Magnetometry for the Nab Experiment



Nab is an Unpolarized Measurement

Parametrization of Neutron Beta Decay
Gl X = o peEa(Bo— E)? |1+ 2P Py 1 pE¥ 1 (5. 2 Pr ]
BE.00.09, < 7, X Petel= E.E § " "
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.
Bw
x peEe(Ey — E)? |1+ a
E.00,00, * Pefe(Fo— E)
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Extracting a in the Nab Experiment

EE)

2pepu

Y% Py 2 2 2
r=f(E) [1+3pe . pu} = f(E) {1+aﬁecoseey} = f(E:) {1+aﬁepp+pe+p”]J

Determining cosf.,

® Known Q value of
neutron beta decay

oEe

.pp

15 —proton phase space probability (arb units)
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Figure: Pocanic et al, NIMA 611 (2009) 211,
Baessler et al, AIP Conf Proc 1560 (2013) 114
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Nab Experimental Design

30kV

Segmented
Si detector

TOF region Ee < 783keV
field rp-
(@eldret p < 30keV
decay volume
(field g py-Bo)
cam

okv

Observables

® F. - electron energy

® t, - proton time of flight
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Nab Experimental Design

45

Magnetic Field on Axis

Field Magnitude (Tesla)

4 F -~

Pinch Filter

Decay Volume

Time of Flight Region (TOF)

Posiion z (meters) ) . ¢
1 /’ dl -
t/% miz’ 2 (q_ e(V;OVo) _ B%S,'nzgo v
e

E. Mae Scott for the Nab Collaboration (Uniy

Magnetometry for the Nab Experiment



Extracting a in the Nab Experiment

L4 a8 p3+ p2 + p? forp,%+p§+p§ .
P,(p2) = € 2 2
p\Pp PePv PePv
0 otherwise

“Eqin = 150 keV
/ ekin LS AM

12000 Hf---

8000 [{f----+s

Determining cosf.,

Yield

e Known Q value of 4000 e

neutron beta decay ;

° E 0 0.002 0.004
& Inverse squared proton TOF 1/ t,f [1/ps?]
[ ] p p
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The Nab Experiment

Roof of “Cave”

Nab Magnet

Beam Stop

FNPB Beamline
Z axis

Pit below Magnet

.

Y axis
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Precision Requirements

Experimental Parameter

Nab systematic uncertainties

Magnetic Field:

Principle specification

(Aa/a)syst

Ltor, length of TOF region
U inhomogeneity:
in decay / filter region
in TOF region
Neutron beam:
position
profile (incl. edge effect)
Doppler effect
unwanted beam polarization

Adiabaticity of proton motion
Detector effects:

Ee calibration

proton trigger efficiency
TOF shift (det. /electronics)
shape of E. response

TOF in acceleration region
electron TOF

BGD/accid. coinc’s
Residual gas

Overall sum

|UF — Upv| < 10 mV
|Ur — UroF| < 200 mV

Azpy) < 2 mm
slope at edges <10% / cm
analytical correction

AE. < 200 eV
ANait [ Neait < 1% / cm
€p < 100 ppm/keV

Felectrods (Prelim)
analytic correction

(will subtract out of time coinc)
P <2-107° torr

(* Free fit parameter)

5x107*
22x 1074

1.7 x107*
25 %1074
small
measure

1x107*

2x 1074
3.4 x107*
3x107*
4.4 x107*
3x107*
small
small

3.8x107*

1.2 %1073
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Spectrometer Uncertainties

Spectrometer systematic uncertainties

Experimental Parameter Principle specification (Da/a)syst
Magpnetic Field:
curvature at pinch Avy/y = 2% with 7 = (d?B,(2)/dz?)/B,(0) 53x107*
ratio rg = Bror/Bo (Arg)/re = 1% 22 %1074
ratio rg pv = Bpy/Bo (Argpv)/re,0v = 1% 1.8x107*
L7or, length of TOF region

(* Free fit parameter)

Overall sum 6.0 x 107*
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Mapping Requirements

Magnetic Field on Axis
45 T T T T T T T

Pinch Filter

Decay Volume

Field Magnitude (Tesla)

s ]
05 ) ) y g
Time of Flight Region (TOF)
0
-2 -1 0 1 2 3 4 5 6

Position z (meters)

dl

1_p(2)
2 m|/, 1/2

0 - e(V—Vo) _ B 2
1 = — 5,Sin 0o
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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.

upper detector
[-30kV]

300

TOF
region

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

200
z[em]

=
magnetic -
® \We must align the probe /™
normal to the field to measure mewronbeam
. . S
the magnitude of the field to a B
_4 . va[‘:-r1 d;\l}e]c(or
107" precision. TN
B, [T]
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Solution: Insertion of an Inverted Dewar

Atmosphere T
Room |

Temperature \

Vacuum
~70C

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
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Solution: Design of the Off Axis Hall Probe Holder

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

® For off axis fields, | 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.

Figure: Iteration 15 tilt
table.
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Dewar Data

B, vs z, Main and UDet energized

E 'L Field of Rotation Scan
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Mapping the Field: Analysis Challenges

upper detector
[-30kV]

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

300

TOF
region

200
z[em]

® \We must find the magnetic
field axis, not the mechanical
axis of the magnet can.

100

magnetic

i filter )

\

neutron beam ) )

-100

IL
lower detector
[-1kV]
I —
T o a = o

B,[T]

-200
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Theoretical Off Axis Expansion

A trimmed FFT with Hann Windowing

A trimmed FFT with Hann Windowing

E E On Axis Field E F On Axis Field
S 4 Back Transformation of Off Axis - 18 Back Transformation of Off Axis
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Off Axis Expansion of Real Data

= Off Axis Field Data
o
i.% 4 Back Transformation to Off Axis
m ,
35—
3
25—
o
5 ; | | | | |
-250 -200 -150 -100 -50

0
Z position (mm)

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

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

sk T 001057710
:?D 3. gﬂ.f&msﬁ 42 contour, phi scan, file rootFiles/run_609_Mae.root, min is 0.001057 at (-0.200, 0.120)
425552 pesseross 1osiencs |
4
% - .
s
1
s
— 05
€ -
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 S 0
r[m) g
K
H -0.5 chif2 contour, scanning
We have two agreelng - for magnetic center
- - -1 -
methods for determining .
. . 15
the magnetic axis! -
® Radial: (—0.21 £+ 0.03, 2 a5 A T 18

0
Xave [cm]

0.12 +0.02) cm

® Bessel: (—0.186 + 0.007, Figure: Courtesty of J.Fry
0.105 £+ 0.007) cm
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Conclusions and Future Work

® \We have a method for expanding the
field from on axis data that is good to
1077

® 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

ACTIVELY SHIELDED NAB SPECTROMETER
THE LARGEST CRYOGEN-FREE SYSTEM IN THE WORLD

© Used to make precision neutron decay measurements and test
v . B

Any Questions?

Key Features:

© Detector is housed in a cryogen-free magnet
system 7.5 mlong and o1.4 m.

© Magnet cold mass > 1 tonne, cooled by
four Gifford McMahon cryocoolers.

B2, Fild along magnet axis
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Bonus Slides
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Off Axis Expansion of Real Data

c Off Axis Field Data
k)
i.?_j 4 Back Transformation to Off Axis
m _
35
3
25
2 —
15 ;_I_r | | | | |
-250 -200 -150 -100 -50 0

Z position (mm)
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Off Axis Expansion of Real Data

E Off Axis Field Data
§ 4| Back Transformation to Off Axis
o
3.5
If the off axis data is 8

shifted by 8mm...

25

N

T T N S E

|
-100 -50

TR

| Loy L
-250 -200

T
-150
Z position (mm)

Residue between FFT and Off Axis Data

=== Residues of Modulus

Residue (difference)

EL | L L L I
250 E =

0
Z position (mm)
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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=_-Vo V=0 |

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

rz |
G2 w2z = Z(z) = aysin(kz) + a2 cos(kz)
0’°R  OR
p28_p2+p8_p_k2p2R:O —  R(p) = bilo(kp) + baKo(kp)
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Solution: Expansion of Field using Modified Bessel
Functions

Bessel Function Expansion

o

0P ) iz
B.(p,z) = 5 Z iklo(kp)fie™

B,(p,z) = Z khy (kp)fie™

At p = 0, the B, reduces to a Fourier series. If the transform is discretized
as k =2mn/L, z=mdz, and L = Noz

Fln] = N Z B[m]e —i2mnm/N
N—1
F.[n]l =l (27l'np)[:[ ] = B.[m]= Z F, [n]el27'rnm/N
N1
Fo[n] = —ih ( )F[ n] — B,[m] = Z _Fp[n]eiZTrnm/N
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The data is not as good for fitting the upper detector...

3D Fit of Data

m

1.305

'S
i
)

B Field

13

1.295

1.29

‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT

1.285

e e b e b e ey L
4980 4985 4990 4995 5000 5005 5010
Z position (mm)
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The data is not as good for fitting the upper detector...

3D Fit of Data

S
o .
[}
21305
13
:... -
C .
1205 % °
129+ ¢ °
1.285 *
o b b b b b b b L Loy Ly
0 iz 14 16 18 20

Radius (mm)

E. Mae Scott for the Nab Collaboration (Uniy{  Magnetometry for the Nab Experiment October 31, 2020 27/32



The data is not as good for fitting the upper detector...

Residues as a function of Z

0.002

0.001

-0.001]

-0.002

Residues of Fitted Field to Points
o

-0.003 1

T PR SR (S SR SRS (ST S SRS (ST S S SR T ST S S S N S S S S S
4980 4985 4990 4995 5000 5005 5010
Z position (mm)

This 3 dimensional fit determined that the offset in x and vy 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 vy.
Brmod(z) = /B2 + B2
B,(z) = Z lo(2np/L) [C[n] cos(2mnz/L) — D[n] sin(27rnz/L)}
n=0

B,(z) = Z h(2wnp/L) [C[n] sin(2wnz/L) + D|n] cos(27rnz/L)}
n=0

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

upper detector
[-30kV]

g
® The spectrometer magnet is a
. . S
series of solenoids. ToF °
region _
® |t is possible that the coils are g2
offset from the physical flanges g
magnetic
of the magnet. =
neutron beam - >
-
lower detector i
[1kV]
e
B, [T]

E. Mae Scott for the Nab Collaboration (Uni{  Magnetometry for the Nab Experiment October 31, 2020 29/32



Solution: Mapping the Field and Testing for Cylindrical
Symmetry

3D Fit of Data 3D Fit of Data
E F S £
= a3 . T 43
I E . £ F o
@ 42 . 4.2 .
E 1 £ . .
41 ° a1
E . E . .
a TSP Tess
395 3o
38 Y .
37E . . = r 3.7i 1 : | | | | | | | | |
BT = 0 5 10
2 position tnm) 2 4 5 8 10121416 18X %
Residues as a function of Z
g oomE . . . .
£ oot : ) This 3 dimensional fit
£ ooo2E e e e e et .
LS S .ot determined that the
B oo . P te . .
£ oot LR offset in x and vy is
fome , <] (~1.86 % .07,
g—0.00S;
® ooos - 1.05 £ 0.07) mm.
~0.005E- ) ) ) )

I
-10 -5 0 5 10
Z position (mm)
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Solution: Mapping the Field and Testing for Cylindrical
Symmetry

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

aaf-] T 0001057110
o 28973 00630 7 contour, i scan e rootFlesrun_609_Mac.roet, min s 0.001057 at (0.20, 0120)
aosb| Pt 4885+ 60.8
2 2.865+05 + 1.231e+05 |
4 2f
E . L
ER A 18] -
4 3
1
4. / E
_— 0.5F
T L -
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 2 0
o
rim 2
s
. . . -0.5F chi”2 contour, scanning
Thi r with the radial : ’
S ag ees th the ad a £ - for magnetic center -
. . . 4
series fit of the magnetic g .
el 1.5
axis: E -
2f
® Radial: (*0.21 4+ 0.03, 2 15 5 0 0 T 15
Xave [cm]

0.12 £ 0.02) cm

® Bessel: (—0.186 + 0.007, Figure: Courtesty of J.Fry
0.105 £ 0.007) cm
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SeeT v or 1 Z CRYOGENIC LTD
“ STD.PART Now MATERIAL WECWICATION |u o —

THIRD ANGLE PROJECTION €33 3D Section A
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