The Nab Experiment and
Manitoba's proton source

RUSSELL MAMMEI (UNIVERSITY OF WINNIPEG)
INTERSECTIONS OF PARTICLE AND NUCLEAR PHYSICS
AUGUST 29-SEPTEMBER 4™ 2022

Thanks to postdoc Frank Gonzales (ORNL-SNS) for a set of slides to start from




Neutron Beta-Decay and V

CkM Matrix Element V4

0.977
Neutron decay:
°n ->pTte +7, 0.976 -
V|2 = 5099.3 s
ud Tn (143 12)(1+AR) - —
Experimentally Determine: B V1= Vi
° 7,: Neutron Lifetime :? 0.974 - .
o ) = z—A: Ratio of coupling constants — \g_,"?'*
|4 ' !'{
. . 0.973 - & Vid
Theoretically determine: « Vs
o Inner radiative correction Ap 3
> No nuclear structure corrections! 03721 PhG
ToAcompete with other measurements: 911 | | | |
_ -1.280  -1.278  -1276  -1274  -1272  -1.270
co— < 3%x107% (orAt < 0.3 s) i
£ A= galgv

j <1x1073 (or AL < 1% 1073)

(0]

Zyla et. al Particle Data Group (2020)
F. Gonzalez et al, Physical Review Letters 127, 162501 (2021)
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Alphabet Soup: How to get /A

Decay rate of the neutron is proportional to:

dr? Pe " Dy 4 Pe Py
E.E;(1+ 377 1+b—+ — + A—+B— |+
dE.da.dq, ~ Pebefv( ) gE, "o \Ap TEE
. . deogram of A measurements
At leading order, these correlation terms can — - " =
be written: 2020 1 : T
B 1-72 da _g) N or | 7 \ aSPECT: .
T T TEe o1 (1+312)2 0.30 { IR fa/a=8x10
oA A2+1 04 _ 5 (A-D(BA+1) 2010 -
7 izﬁ;?{)lz o5 ] (/1(1+)3(§;)2 ) - g 2 l
. . - 0B _ +1 -1 - ﬁ
b=2 1+312 a1 2 (143 12)2 ~ 0.076 2000 1 j — ..
A=—12754+0.0010 N )
Fierz Interference term b couples to gs, 9t el g f—‘-* \
o Modify correlations: X045 = W 1990 { w Meas. A and B
+bE_e L85 [+ Meas.C

> Non-zero b is new physics!

Nab Goal: Aa/a = 1.4 X 10—3 P ;'~..- ;:L’ -:L {L

Zyla et. al Particle Data Group (2020)

Hassan et al., Phys. Rev. C 103, 045502 (2021) THE NAB EXPERIMENT/MANITOBA CIPANP 2022



Kinematics of Unpolarized Neutron [-Decay

For unpolarized neutrons: Neutrc;_:n {?ﬂe:;ay Product Phasespace
|p_’| |p_’| m 0.0 0.1 0.2 0.3 : 0.4 0.5 0.6 0.7 0.8 vyield (arb.)
o dl'3 o1+ a#cos(@ev) + bE—e Proton phase space T
eLvy e 147 a= -0.105 I S L4
e e e . . . 1.2 1 COS i‘ 1.2
Relativistic kinematics: !
: _ 2 o — _
° Fori € {n,p*,e”,v},canrelate Ef =p;” + m{ <™ e
— | | |I i —
° Conservation of E: E,, = E;,, — (E, + E) s R
p—>2 _p—>2 _p—)Z f:;E-‘L 0.6 1 1:| li '0.6":;-;.
o ; . — b e v |
Conservatlon Of p COS(GGV) 2|p—e>||p—v>| 0.4 1 - Ee=100kev | %_1] 0.4
E- =300 keV '
After some algebra, find dI'3(E,, p2) ek | — e
o |f we can reconstruct E,, pg for each decay, we ?; i : | T >
can extract a, b... %; i Slopes of
We measure E, directly. We get p,, from t,,(ToF between s A | | I I trapeziums give
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
electron hit and proton hit) E. (MeV) a

Shape of e~
spectrum gives b
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Reconstructing f-Decay Product Kinematics

Use an asymmetric (7m long) spectrometer ) -
S DA* Fiber - l:D{kV}
Beam of cold spallation neutrons P T e
Preamp:
Flu )
Ret o
Superconducting '%’
Magnet E _g“E‘
ol

100

HV Cage

Schematic by A. Jezghani, UKY
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Reconstructing f-Decay Product Kinematics

Use an asymmetric (7m long) spectrometer ) o
Beam of cold spallation neutrons "
Preamp:
Detect coincident p* and e~ at one of two e S
silicon detectors
> E, measured in detector - Flux
o p_p’| determined from proton time of flight -
Magnet

Main Electrode

MNeutrons

ExB Electrodes

Detector
FETs

Preamps

HV Cage

Schematic by A. Jezghani, UKY
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Reconstructing f-Decay Product Kinematics

Use an asymmetric (7m long) spectrometer o
| | e il

HV Cage

Beam of cold spallation neutrons

Preamp:

Detect coincident p™ and e~ at one of two
silicon detectors TOF region
(low field)
> E, measured in detector _Flux 4mfI|ght path skipped o
eturm magnetic filter
region (field
Superconnrz\lnuac;:%% maximum)
Magnetic fields guide decay products
o High-field decay region
. . . . . . . Main Electrode 0 kV
o Low-field time of flight region longitudinalizes Neutrons_ T
momentum ExE Electrodes | decay volume

1 m flight path skipped

Detector at HV to accelerate protons past o I 80w
dead layer (can change which detector) Credits. Baessler, UVA

! ! ” DAQ Fiber
Schematic by A. Jezghani, UKY
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Target Uncertainties for a and b

Leading uncertainties: Experimental Parameter ‘ (4a / a)sysl
> Neutron Beam (only a) Magnetic Field 6.0 x 107*
> Magnetic Field (only a) Electric Potential Inhomogeneity 5.5%x 1074
o Detector Effects (both a and b) Neutron Beam 33 % 10~*

Goal precision: Adiabaticity of Proton Motion 1x10~*
°Aaj/a = +(1.4 X 10_3)1:015, Detector Effects 7.1x107*
° AAJA = £(4.2 X 10_4)tot. Electron TOF <1x10™*
° Ab = +(2.2 X 10_3)t0t. Residual Gas 38 % 10~4

Not statistically limited! TOF in Acceleration Region 3 % 10~4

Background/Accidental Coincidences <1x 104
Length of the TOF Region N/A
SUM 1.2x 1073
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Extracting E,with Silicon Detectors

Segmented silicon detector
o produced by Micron Inc.
o 2 or 1.5mm thick with 11.5 cm diameter active area

o 127 hexagonal pixels read out individually
o Deadlayer ~100 nm

Detector Effects

Electron Energy Calibration AE, < 0.2 keV

Shape of Electron Energy Response fraction of events in tail to 1%

Proton Trigger Efficiency €y < 100 ppm / keV
TOF Shift due to Detector/Electronics Atp < 0.3ns
SUM
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Manitoba |l Proton Source

Double focussing mass spectrometer: / N Proton Source J— I
energy and momentum focusing : _and acceleration | A
I [ Detector
: I Test Region [
[ | P=ta
Penning lon Gauge Hydrogen-Argon Gas - l e [ |
Discharge Source — - I LRy | |
Electrostatic steerer deflects beam to T aigha Hortzontal Anguiar Spread Sit VoL J
detection location 4 \‘ Electrostatic steerer
%nm ' | . | | Rectangular Electrostatic Steering Array— — - \\
E::_ ] " I I :
:::_— I Velocity Dispel'siun Slit Drift Thbe |
1mi‘:'_ I - .-—”"z - I
00 Electrostatic Analyzer -=="_Magnetic Analyzer
2 o I(selects 30keV particles) 3 [af —_—(sorts momentum) :
:WE‘_- . ’ | o 3‘ . \ ' I l
% 500 600 700 800 ~ e e mm mm = =— ~ 4
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Manitoba Il Proton Source (photo)

Electrostatic
steerer

Magnetic
Analyzer
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Where's the Beam?
4-plate Iectrostqtic Steerer

“See” protons using a Large Diameter Phosphor Screen and camera! g

8" p43 phosphor screen
' from Proxi Vision

‘l‘
|
|

Collimator R
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Testing the Steerer

Proton beam as seen by Phosphor screen while
sweeping the steerer in 500V increments

Nic Macsali, graduate student, with
the phosphor screen/camera shroud . Beam defining slits wide open

et
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Si Detector installed at Manitoba

Si Detector Mount end
(electronics and cooling)

Snl113 and Cd109
calibration source
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Si Detector Testing at Manitoba

1 1 . Event Rat . Displ
What to investigate: vent Rate vs. Displacement
Measure relative proton trigger efficiency and pulse shape vs:
Pixel Radius "o [%
QO
Temperature of Detector & [Sigma”l mm
Bias of Detector (the E field in the detector) (-30-320 V) 2, 1
Energy of Protons (25, 30, and 25 keV) 11T o Ijg
. . Fit
Protons Near Pixel Boundaries o - - -
. 0 2 4 6 8
Used Cd 109 and Sn113 sources to calibrate ADC spectra Vertical Displacement (mm)
0. 20 40 60 80 100 120 140 Proton Energy Spectrum vs. Detector Bias Voltage Average Proton Waveform vs. Detector Bias
o | = 110K: E = 0.612(3) Ch+0.01(38) w 0B[ 5 a0 T
£80] — 140k: € = 0.617(5) ch-0.25(41) s | -60VBias < -60V Biasg
86 |1 e 10x Uncertainty band Fitted 2 07 g %L -80V Bias
50 1 109Cd centroids S ool g af-100V Bias
L [ 2 150V Bias s 120V Bias
E3H _Close to our target AE, < 0.2 keV } a3 B i
] | ! '
3 | 0.2? E
= I - 5F
2 £ | centroid shift: L . ok
1.0} -0.1(8) 0.0(9) 0.5(14)[ c’o— M‘1‘o' 2X0 ‘30””40””5 “e‘o_'_‘ S U S SN IS S
T T T T T T T T 13.85 139 13.95 14 14.05 141 14.15
0 20 40 12 140 . . . Prolo? Encfrgy [ADC ch] Time [ps]
Experimental centroid [ADC Channel] 0 Working on publication describing the proton source and tests results
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Current Status and Timeline

_ _ Uof Manitoba undergrad
Both mounts installed in Nab spectrometer May 25, 2022 August Mendelsohn

SNS beamtime Summer 2022

* Cool magnet and detectors at the same time
* DAQ sync and time of flight resolution

* Beam polarization measurements

e Electron source calibration system check

SNS beamtime Winter of 2022/23

 Test fixed items and 2" commissioning

SNS beamtime Summer of 2023
* Physics Data

SNS Shuts down Fall 23/Spring 24

* Upgrade Beam power on spallation target .4 “ \ |
Hope to get “a” statistics only paper | j jg (
out during this time.

-
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Nice Review Article:

Precise Measurements of the Decay of Free Neutrons Quotes:
Dirk Dubbers' and Bastian Markisch’ The new neutron and nuclear data permit exclusion of deviations

'Physikalisches Institut, Universitit Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg, from the V—-A structure of the SM well below the 10-3 |eV9|, two
orders of magnitude better than 15 years ago.

Germany
*Physik-Department, Technische Universitit Miinchen, James-Franck-StraBe 1, 85748

Garching, Germany o . .. .
Limits on Wilson coefficients from low-energy experiments are

generally more precise and require fewer assumptions than the
corresponding high-energy limits.

June 04 2021

Posted with permission from the Annual Review of Nuclear and Particle Science, Volume 71,
139-63, © 2021 by Annual Reviews, http://www annualreviews org/.

https://arxiv.org/abs/2106.02345 neutron and other g decay experiments compare well with

and are in part complementary to limits derived from
LHC experiments
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Summary: Uncertainties for a and b

Can reach:

cAaja = (7 X 107 ) g¢qe. + (1.2 X 107%) 5

o AM/A = £(2.1 X 107 geqe + (3.6 X 1075y
oAb = £(7 X 107°)g¢q¢. + (2.2 X 10_3)5315-

Present tasks:
o Profiling beam in spectrometer

o Measuring beam polarization
o Commissioning the entire apparatus

Can reach a competitive a in one SNS run
cycle (“*2months)

Experimental Parameter | (4a / a)gys.
Magnetic Field 6.0 x 107*
Electric Potential Inhomogeneity 5.5 % 107%
Neutron Beam 3.3x 1074
Adiabaticity of Proton Motion 1x107*
Detector Effects 7.1x107%
Electron TOF <1x107*
Residual Gas 3.8 x 10~4
TOF in Acceleration Region 3% 10~4
Background/Accidental Coincidences <1x10°%
Length of the TOF Region N/A
SUM 1.2x 1073
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Backup
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Looking Forward: pNab

Use the same apparatus to measure 4, B
o Add a neutron beam polarizé
o (used for the NPDGamma)
o Goals:
> AAJA <1073
- AB/B <1073

Uncertainties in previous experiments:
o Statistics

o Sufficient for competitive measurements of A
o Detector Effects

o Already high enough detector energy resolution

o Sufficient time resolution Cold Neutro

o Background Beam from left
o Coincidence detection to suppress background
o Polarization Different Systematics

o Utilize crossed supermirrors or 3He

THE NAB EXPERIMENT/MANITOBA CIPANP 2022
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The Standard Model

ud — quarks ¢’ the 90th anniversary
of Chadwick’s discovery
neutron of the neutron

1 st 2“d 3"‘1 electro-weak
generation symmetry breaking outside of
everyday matter exotic matter force particles (mass giving)  standard model .
. ) s i iy CKM matrix
o e =)
N // ~ ".'/m
~ / e Is S
— S 1 2G g 7\
E S g
w @ n;
L. = £
m 3 _ & 125-6G
g % Y- %
)
M~ BE
~ 5 189 :
— O © 28 g
o< " = 2 ~—
N S 5
T < g
W C - o o
= = S d gluon .+ 8
233 S )
85Sc
< .
. T
S £Eo _ H
- A ITe el photon 4 L
O Y X egm
= »Von E'—"B< AN / H
< o ; 5 = Bl e, Q
Q O R <22 M 9126 3| Voo
o < D R £ : HE- 7
S Z g |: P E
o o S |: graviton : 3
= B Q = ) S'. : P
cE® e-neutrino rino L I : S"
. \_ T S e
S

N NS
12 fermions (+12 anti-matter) 5 bosonNs (+1 opposite charged W)
INCreasing Mass e
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A Measurements at the 0.1% Level

PERKEO llI: (AA1/A = 4.4 x 10™%)

o Symmetric design allows for counting of
backscattered e™

o Pulsed polarized n beam gives control over
backgrounds

> —0.018 < b < 0.052 (90% CL)

UCNA: (A1/2=1.7%x 1073 - 4 x 107%)
Low energy UCN (< 220 neV) easy to polarize

(¢]

(¢]

n have long residency time (~20 s) in spectrometer
Detector (and other) upgrades funded by LDRD
—0.012 < b <£0.144 (90 % CL)

PERC: (Goal: A1/1 ~ 1 x 107%)

o Beamline that delivers decay products

B. Markisch et al., Phys. Rev. Lett. 122, 242501 (2019)
Brown et al., Phys. Rev. C 97, 035505 (2018)
Saul, et al., Phys. Rev. Lett. 125, 112501 (2020)

(e}

(¢]

Sun, et al., Phys. Rev. C 101, 035503 (2020)

X. Wang, C. Ziener et al., EPJ Web Conf. 219, 04007 (2019

detector 1

detector 2

PULSED
COLD decay volume B~90mT

Ly
neutron B~150 mT
beam

1
Along Magnetic Field Lines
Hall probe cz‘::fé: " Superconducting

Spectrometer (SCS)
1 T central field

amay  ipsertion beamstop

i L DLC-coated copper
Beta Detectors: ]
scintillator & MWPC

Diamond-like
_ carbon-coated Cu

i
Polarizer-AFP magnet and Quartz gu des

UCN detector
12.5cm ¢, 130 nm
thick endcap foils

coated with 150nm Be!

Polarimetry shutter
Switcher

w UCN flow
UCN flow

X § during beta decay
during p y

28 MHz AFP spin-flipper
Polarizing Field: 7T

UCN detector -

Magnetic Filter B1

Supermirror Neutron e,p-beam

polarizer guide stopf : Y

, /‘é—-————-—rn' -" l

%ﬂ]}]ﬂ[}l I ‘=
Y < ’

Solenoid

Velocity-  AFP spin
selector  flipper

Neutron guide |
\ |

Secondary
spectrometer

ChopperVacuum vessel n, Y beam stop

By=05-15T B,=3-6T

Beam preparation Superconducting magnet system, 12 m
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Experimental Probes of CKM Unitarity

|Vud|2 + |Vu5|2 + |Vub|2 =1+ ABSM - Experimental Measures of V4

Measurements of V,,4:
> Most precise “Superallowed” 07 = 0% decays 0.976 -
o Also limits from Mirror nuclei and Pions : A
> Require radiative and nuclear structure corrections 015 'EH K2 l l Vi1- |Vus|?

(0" = 0%, Mirrors)
0.974

|V a|

Measurements of I/,:

D-I- 3 D+ Ul- d
o Most precise from Kaon decays 0.973 - L Via|
imor
o Some tension between different decay channels
° Also limits from 7 and A hyperons 09721
. . . )
Vup L V,q and V¢ so it’s negligible 0.971
: : Zyla et. al Particle Data G (2020)

MOSt preC|Se measurements d|Sagree! J.yCa.] I(-alar?:ly :r:dcl.es. '?oawn:r),u;)hysical Review C 102, 045501 (2020)

L. Hayen, Physical Review D 103, 113001 (2021)
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The Nab Experiment at SNS
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Converting e” and p™ to signals

Semiconductor diodes!

> Small bandgap (~1.1 eV in Silicon) Semiconductor Detector
o Can add contaminants to change . :

number of electrons ol : S
o P-N Junction only allows field in one Ra_d‘atiorlr\.* ret DeP|e“°|:‘ RdeEJ'O" o
direction (e or p ) 'q';>" m - energ COIECfe ere - ; ; ;
o Increase field by applying external bias ~I g 5 % 3 ‘a .° ‘G ! EEEI-
voltage Qe ! o
g + o+ + o+ i
Particle hits detector - | .
o Produces electrons + holes e |+++:| P-typematerial |  N-type material
. — [
o Counting speed dependent on E, |
temperature, depth of radiation, etc. Bias Voltage
(e.g.-150V)
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