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Neutron Decay Parameters

pl{udu)

- Semi-leptonic decay \/
— Lifetime 880s  J))mmmmT
— Endpoint energy 782 keV
udd)
« Just two free parameters in SM n —)p+e_ _|_‘7€
— CKM mixing matrix element
— Ratio of weak coupling constants 4908.7+1.9 g
— Uncertainty comes from radiative v, = > )
corrections ‘I/ud (1 +34 )

j~:g/1/g1/



Neutron 3 decay and V4

Angular correlations in polarized neutron decay (Jackson et al ‘57)
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In Standard Model:
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Neutron beta decay can inform many areas
of physics

« Many reactions share the same Feynman diagram as neutron beta decay

Primordial element formation n+e+— p+V', a,~ 1/t d \W / ve
(°H. *He, *He. 'L1, ... ) pte — n+v, o, ~ 1/t o

n— p+e +v, T u/ \e‘
Solar cycle p+tp— H+e"+v, u ©

p+tpte — ‘H+v, etc. ~ (g, /o) >W

Neutron star formation pte — n+tyv, d v,
Pion decay T — ml+e +V,
Neutrino detectors vV.,+p— e +n e V,
Neutrino forward scattering  v.+n— e +p elc. \{
W and Z production uw+d— W-— e +V, etc d*”"fl\ .

Dubbers 2011



Effects of A=G,/G,

Where does the proton get its spin?
Some comes from the quarks, but how much and
which quarks?

G’ =Au—Ad Axial-vector weak charge Neutrons et al.

G, = Au+Ad—2As SU(3) octet weak charge hyperon decay

G, = Au+Ad +As Flavor singlet weak charge DIS
Bass, 2005

Solar fusion rates and the Standard Solar Model
E

Fyp € <0'v>pp oC IOOO E J(E k(;_Tj dE

Adelberger 2010



Effects of A=G,/G,

- gA is a fundamental parameter for the charged weak
current of the nucleon and defines a frontier for our
understanding of this interaction

 Lattice calculations of gA are becoming an interesting
target for high precision lattice calculations
(Yamazaki et al., 2008)

» Reactor antineutrino anomaly: gA affects antineutrino
cross sections needed for that work (Mention et al.,
ArXiv: 1011.2755v4)



Neutron Decay and Unitarity

/d \ (Vud Vus Vub\/dm\
Vcd Vcs Vcd Sm
by, ) \Va Vi Vb,
(d_) (0.975 0.22 0.005)d,_ "
s |=| 022 097 004 ||s

A% m

(b, ) 10.005 0.04 099 )b,

Unitarity, eg. [V, 4> + |V * *+ |V,,|° =1, (or lack thereof) of
CKM matrix tests existence of further quark generations and
possible new physics (eg. Supersymmetry)

09
1

B. W. Filippone



Motivation for A measurement:

iIndependent determination of V4
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Motivation for b and B measurement:
BSM Physics

® ¢, and g, are non-(V-A) contributions to the effective Hamiltonian

-

b =1p (€s,170s,T)
kB'] — fB (E:S,T*gS,T gs ~(p|§d|n>

/ 1\ \ gr ~(plFio,.d|n)

Measure these quantities Calculate these hadronic
with UCNs matrix elements in QCD

Analyze relation of €s and €t to other
measurements (including LHC signals)
within BSM extensions



Search for new physics

* A single parameter yields 4,
multiple measurements yield V4

and beyond )
«  CKM unitarity ‘ n ‘
— Do neutrons and V;d V”S
superallowed beta decays
agree?
« Search for right-handed

currents (250 GeV limit from n
decay)

« Scalar and tensor couplings
fromB and b

— Cirigliano 2012
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Phenomenology: preliminary study

® Constraints on €s and g1 from proposed experiments vs other
measurements (0* — 0*; mm—evy and collider not competitive)

NT=8.5TeV NT=5.5TeV

gs1=1
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® Already 10 measurements probe multi-TeV scale; stringent
constraint on existence of scalar and tensor BSM interactions



® Example: charged scalar resonance with Ms=1 TeV, gi=0.3,

gq=0.1

(e.g. 2" Higgs
doublet with non-
standard couplings)

- LHC would measure Ms and gq/gi = [BR(ud)/BR(ev)]"?
(€s=1.8 1073)

- n decay sensitive to Gr€s = gi go/Ms?

Jq

0.30

025

0.20
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0.00 -
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0.1

03
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/

BRs from LHC @ 20%

es from b or B1 @ 20%
(assume 0gs,1/gs,T1 <10%)



Decay Correlations

A: electron asymmetry o ]3

n e
— Perkeo I, Perkeo Ill, UCNA \
B: neutrino asymmetry O l—?’ L

n 14 NP
C— Perkeo Il 'k.,;/ ) ewwing

. proton asymmetry - - T
G ’ Proton
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D: triple correlation . (_, 7 )
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Plus Fierz interference b, helicity correlations, etc.



Principle of the A-coefficient Measurement

Detector 1

B field

Detector 2
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Systematics:
Polarization
Backgrounds

>

Polarized neutron Decay electron

(End point energy = 782 keV)



Interlude: Ultra-Cold Neutrons (UCN)

“Man is the Measure of All Things”

300 neV = Potential Energy in wall

=% m, v? =% m_ (8 m/s)?
=m,gh  =m,g(3m)

= h?/ (2 m, A?) = h?/ (2 m, (50 nm)?)
= u, B =, (3.9T)

=k T =k (3 mK)

Protagoras, 480-411 BC

External reflection
Running speed

Human scale equipment
Ultraviolet

100% polarization
Ultra-cold!

Total external reflection allows arbitrary guides and bottles; long lifetime

Speed implies easy timing
Installations: centimeters to meters in size

UCN wavelength: about 0.1 um
— close to visible light

A V.Y

Be"“ <

S

— mirrors for people can be mirrors for UCN
100% polarization is easy to achieve (for a time)

N/’



UCN can also be essentially 100 percent polarized

Solenoidal Magnet

UCN\(SDM/{M
= §

\

- Y mparnlleltoB
UCN KEA-----sm oo e NG m - can not,pen > ~100%
| magﬂetlc aﬂ'lel' polarization,

(note: neutron magnetic moment is negative Y
“@ " UCNA 2008

B 006},

Rate |

Backgrounds can be reduced relative : | :
to cold neutron experiments /

fi|= L . S
P IR EPEPETE B B R I

0 2000 AD00 6000 2000 10000 12000

ADC Chanre

provided v qy is low

-uB  spin antiparallel to B enough
passes unhindered

/2009 data

< 0.015%
/ (negligible)



UCN for n beta decay
measurements

Reduced background
 Higher ratio of decays to neutrons
* No production source background

100 % polarization using magnetic

fields
27Zh2p a BUt. .
Vi,, =——"—=335nV > v=8m/sec Production of UCNSs is very tricky
m
V=mgh =102nV/m Previously existing sources used the low
_ energy tails of thermal neutron spectra from
V= pneB =60nV/T nuclear reactors, sometimes moderated to a

low temperature. But this method entails high
backgrounds from the reactor in any
experiment.



Principle of the A-coefficient Measurement

Detector 1

B field

Detector 2

77

Yvy

>

S

n

Systematics:
Polarization
Backgrounds

>

Polarized neutron Decay electron

(End point energy = 782 keV)



UCNA Experiment — Apparatus

X X

Field Expansion Region

Decay Trap Window MWPC

yd

Light Guides
(to PMTs)
/

—

Plastic Scintillator

Decay Volume

Solenoid Magnet (1.0 T)
-.——Polarizer~AFP
Diamond Film Instrument
\-‘-\
—_— s L= = 4..6-

- ' v v
W (“‘“}—»;'“‘t
,V\ ;ﬂ = 1 Ll T 1

9 = v_7 vy

p
To UCN Source : _
Emitted Betas Spiral

Along Magnetic Field Lines



The UCNA Apparatus at LANL

|

UCN Source —

Polarizer magnet
and spin flipper

Spectrometer



UCNA Apparatus in LANSCE Area B

DL

\ E%4
27
7 |




UCNA Experiment — General Approach

Novel features: UCN from pulsed spallation source
MWPC + plastic scintillator as 3 detector
Ultimate Goal: 0.2% measurement of A (0A/A = 0.2%)

Neutron Polarization
— UCN (can produce >99% polarization with 7T magnetic field)

— Copper and diamond-like carbon coated neutron guide (low
depolarization)

« Background 2500 AT AT A
— Pulsed UCN source EGE: promp? et ;
— MWPC+Plastic scintillator . E
 Electron backscattering 1500 /\ :
— MWPC+Plastic scintillator *"
» Fiducial volume selection rs0f 3
— MWPC zzz: ;

D- b IT.:II..TF1 |="| |I ik i il Wi A M el ol I
2 - G f 10 12 14 16 18

[-Scintillator Trigger Timing [seconds)

=



UCNA Experiment Detectors

Adiabatic Light Guides

? Scintillator \
G e B

% Multi-Wire Proportional Chambﬁr—/

« Reduced backscatters
— Magnetic pinch
— Low Z thin detectors
« MWPC and scintillator in coincidence
— Position-dependent efficiency
— Apertures and fiducial volume
- Backscatter reconstruction



In situ polarization/polarimetry

decaytrap (1 T)

m DLC-Cu guide AFP/Polarizer Magnet (1 T) Switcher
F—_-———— e
| (flow through mode)

| | \ B | | < From source
O N
| _, \7/___ _____ N \ \
T 7T _

[ | Switcher M 55 guides

DLC on quartz Resonator (clean and

sample mode)
= lron foil

UCN detector [__]

) _ _ ) _ _ UCN detector [_]
e Flipper tuned and monitored using iron foil monitor

e Polarization measured after each ~50 minute run

e In normal running, depolarized UCN trapped,
accumulate for storage time about 30s

e Equilibrium depolarized UCN population measured by

e change switcher to clean out right spin neutrons
(not trapped)

e change spin-flipper state to unload depol
neutrons -- expect sensitivity < 0.1%

eReloading correction necessary (UCN in guide
during spin-flip)




Loading the Decay Volume: SD,
source facility

Only source of extracted

« 2005: no decays UCN in the US
replaced horizontal guides w/ SS J
e 2006: 2 s (raw rate) To Gate Valve
i il

current: <1pA —2pA, improved flapper
e 2007:6 s

current: —4pA, source volume 2| .
L 2008 1 5 S‘1 ‘sm_idl:-cmem.m|

guides changed to DLC-coated EP Cu, geom C
e 2009: 30 s 0 Tt

new target and improved guides before AFP {

e 2010: 55 s 7 (Nov)

o

Graphite

. T
~2 UCN/cm? in decay trap! >

At present Area B is best place in_
world for UCNA




UCNA Status

Taking production data since 2009 using LANL UCN source
Latest result: A=-0.11954(112)

S
o
>

>0 T — . Data 2=
= i e — Geant4 MC - 0.978 | o |
_i 0.04 ¢ + Background | | E
Y f ) ’ a
E . 0.976 |
> 0.02 + ]
2 I / 2 0.974
- N

0

I
o
f—t

3 —ox2 }Mﬂﬁﬁﬂﬁ g %} i N”

0.97 +

1.265 1.27 1.275 1.28 1.285
Al = |ga/gv]

—0.13 ¢

—0.14

Mendenhall et al., arXiv 1210.7048 (2012)



A Correlation history

5IAI/|A|~0.245|A,|/|A,|

ght'g\“r Determined from Angular Correlationsl

Mund

1
Mostwoi

2000

2010 L o A,
PDG )\ : m A/B
Derived primarily 2005
from A [2] 5 s
bele| = |

Erozolimsky

| 0.20%

Year of Measurement (pts)

1995

1990
0,01

-1.2748+0.001
0010101

1985

IIII[II|[II]IIIIIIIIII|IIIIIIII

-1.285 -1.28 -1 .2l75 -1.27 -1.265 -1.26 -1.255 -1.25
g,/9,

PDG 2012: A=-1.2701 + 0.0025, error scaled by 1.9
From PDG2012 1: A =-1.2748 £ 0.0010, error scaled by 1.8

agree at 1.75 o level



Neutron Lifetime affects BBN

Light elements from “H up to "Li created in "first three minutes"

Weak reactions between particles: Primordial nucleosynthesis:
n+e+ Hp+‘7e, O_VN l/f[n I{JOIOs IOIst ]OIs ‘lls — tume ¢
n+v, <> p+e, (all have same Feynman diagram) _ - =150 I's
'9 E V|
n—p+e +v,. T, *g T /f,/
o w0t /
% |
Attime ~ 1 s, at "freeze-out" temperature 7, ~ 1 MeV: g 1
o W0
neutron to proton ratio frozen to: . ;
nlp = exp(~Am/kT,) = 1/6. oL ]
! Am=m,—m,=1.3 MeV * '
After another ~ 150 s, practically all neutron wind up in “He, Temperature (K)
i.e., He mass fraction ¥, = 2 x neutron mass fraction ~25%. Dubbers 2013

And ratio of He/n depends directly on n lifetime: 1% lifetime
uncertainty shifts calculated He fraction of Y=0.2480+/- .0003
by 0.0015, or 5 sigma!



Free Neutron Lifetime

Precision improves over time, but accuracy?

PDG 2010 averag
v, =885.7 + 0.8 secghds

L ————
- ' ' | | {1 PDG 2010: 885.7+0.8s
= losof 4 PDG 2011: 881.0£1.5s
o . { PDG2012: 880.1+£1.15s
E jo0of -
U= C - Serebrov et al.,
E qﬁﬂf_ m _ (878.5 + 0.7 + 0.3) seco?s
P ;o
I:IIDGE_ %iii _E 895+

mAl
1960

1980 1990

15970

N ﬁ

Reanalysis of bottle experiments by
Serebrov, et al. 875 . . . . .
1990 1995 2000 2005 20102

Year of Publication




Lifetime uncertainty has grown recently

And central value has shifted by almost 1%!

Serebrov et al.,

PDG 2001-2010 7, =(885.7£0.8) s (S=1) PL B 605, 72 (2005)
Serebrov ef al. 2005 7, =(878.5£0.8) s Pichlmai /
Pichlmaier ez al. 2010 7, =(880.7+1.8) s ichimaier ef ar.,
PDG 2012 7 =(880.1+1.1)s (S=1.8) PL B 693, 221 (2010)
Beam Method: Count the dying Bottle method: count the survivors
PHYSICAL REVIEW C 71, 055502 (2005) rail e
A VACUUM VESBBEL _,H/
. AW
o, triton = e
detectors e
’ 6 B=46T pTOfOH ” -
— detector HENTRON
dGPOSIt WALVES
*9o9 .»F“”.‘/ [
i neutron
MIrror trap door open beam
* (+800V) electrodes (ground)
aL FOIL TURBO
PUMP
FIG. 2. Experimental method for measuring lifetime by counting Dh”t‘;:‘“ i ,l_ '
neutrons and trapped protons. '
] . . | _
Danger: absolute monitor efficiency needed! I/Tﬂmragﬁ: 1 /7, + 1/ T1oss
Wietfeldt and Greene,

Rev. Mod. Phys. 83, 1173 (2011)



Material bottle experiments involved 100 s
extrapolations due to wall losses

900}
E\ * % | |
L —
] - f |
= 875 :
850¢
825}
ju]
C
-1
1hsu:mae (s7) T ko (s) - 8001
Ll Ll T L] L] T L i 360 \J
1.160x10” F %é,
1.155x10° F 1965 = <
j = 7751
1.150x10" |- {870
1.145x10° b o
1.140x10° A e — TS50} & T cold neutrons m-—beam
1.135x10° 1880 » T, trapped ultraceld neutrons
world average 1 =885.7(B)s c . y
T [c[) ) e T e T f = Tm & trapped. ultracold n's

012 3 4656 7 8 9 10
-1
v(s)

1985 1990 1995 2000 2005 2010
Year of publication



Penelope experiment under development

_—b—

« Superconducting multipole N _
— Field zero in center eliminated by
inner conductors "
« Filled with UCN from FRM-2 through - -

gap in bottom ‘ = ¢
« Decay products detected at top, guided
by field lines

« Spectrum cleaned using absorber 12 m
lowered from top |

* Magnet now under construction




An outstanding problem: phase space
evolution

« Neutron losses on scale of neutron lifetime (quasibound orbits)
- Detector efficiency changes with time
- Must fill phase space evenly, quickly: chaos!

Symmetric Trap has stable orbits Asymmetric Trap has chaotic orbits

vi=2 Omvs, & =90 deg (symmelric) v=2 0 m/s mtﬂﬂlﬂ deg (asymmeatnc)
2 | "‘--..\_'::_,.r"-__l- A
4 S
1.5 ,-"'5\‘% _ BTN
el . T
_ P e e |
L 1 _,_H_H':'-_:.:'} . o " {:},f
e R TR i T g
05 T R e SO
% 1 0 1 2 % 1 0 1 2
3] V._,
Thin stochastic regions bounded by Strong perturbation, KAM curves are destroyed.
KAM curves.

C.-Y. Liu, 2012



UCNTau experiment designed to overcome
phase space issues

Asymmetric Trap — Phase Space Mixing

* Low symmetry (together with field ripples) induces states mixing
between circular orbits, through chaotic motion (or not).

* — quick cleaning (~ seconds) of the quasi-bound UCN with large
tangential velocities.

pE §E
. Rewolutmn Axis
- »
o paradlel wy y=axis
L5m ! | ;
PR i , 1.5m
A R ) 1 : I.
] |-?h{.|l \ Top of the Bowl .
. o3 1w | b Trmn line
N s

v = 0 half y = 0 half ! 2b

Asymmeric along y Symmetric along x



Halbach array

e Each magnet 90° out of phase with its neighbor.
* The array has B field “ripples” of scale L./4 = 0.5 in
e Rotating field is orthogonal to holding field B,




UCN detector tubes

Halbach array

UCN guide



Future cleaner port

Halbach array

trap door actuator



R&D: Vanadium solid state detector

PNEUMATIC
ACTUATOR

Neutron scattering lengths and cross sections

Isotope |conc | Coh b (Inc h|Coh xs (Inc xs |Scatt xs | Abs xs SERVO MOTOR
W --- |-0.3824|---  |D.0134 |508 |51 5.08

500 025 |74 - [3(L1(05  [FE(L.0) (B0.(40.)

STV BR975(-0402 \6.35 |0.0203 507 (509 4.9

VELMEX BISLIDE
LINEAR WAYS

Negative UCN potel Good UCN absorber

0V+n — 51V (stable)

S1V+n — 92V —552Cr+f +y

(100%)

1.@ Insert vanadium foil to absorb neutrons

2.@ Extract foil into shielded counter
3.@ Perform B-y coincidence measurement.

B:1.073MeV,y: 1.4 MeV

TY2=3743m _
Use several detectors to get position information

on UCN distribution inside the trap.



UCN Tracking
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Statistical Sensitivity

» Effective trap volume is 0.6 m?

e UCN may trap up to E = 48 neV

» LANSCE source can produce >10 UCN cm™ at gate valve
e Trap density >1 UCN/cc: 600,000 UCN per fill

e 15 minutes to 1 hour per fill

* 1 s precision in 6 hours




Ultimate goal: a 0.1 s total uncertainty

e Short term goals (2012-2013):
— Prototype experiment being set up at LANSCE
— 6 hours of DAQ for 1 s statistics
— Measure trap lifetime
— Detector R&D (V and monitor detectors)

— Investigate systematic effects:
— Spectrum dependence
— Loss mechanisms (spin flips, residual gas, ...?)
— Polarization and rate
— Detector effects: position, dead time, gain

— Workshop to discuss pathto 0.1 s
* Longer term goals (2014 and out):
— 0.1 s precision
— 1 month of statistics at present UCN production rate



UCNTau Experiment now commissioning

e Asymm _
magnet: ® 14 Fill-and-dump Storage Measurement
e Holding & y
« UCNsfr £
through 8 .| -\ (r-860 119]
~ 1.4
Toeur 2 X2/ DOF=0.89]
on Vanag P R, N X/ =0.89 |
trap, aclt =
X 06
e Hassto 2
-]
04
v
o
2 02
=
uw
E 0.0 i P . .
o 500 1000 1500 2000 2500

storage time [s]



B History

P =

0.997(1)
0.987(5)
0.975(3)
0.669(2)
0.87(3)
0.74(1)

VAL LE DOCUMENT iD TECN  COMMENT
0.9807+0.0030 OUR AVERAGE
0.9802+0.0034 £+ 0.0036 SCHUMANMNN 07 CNTR Ceold n, polanzed
0.967 £0.006 =0.010 KREUZ 05 CNTR Ceold n, polanzed
0.9801 £0.0046 SEREBROV 98 CNTR Ceold n, polanzed
0.9894 = 0.0083 KUZNETSOV 95 CNTR Cold n, polanzed
1.00 =+0.05 CHRISTENSENTO CNTR Cold n, polanzed
0.995 +0.034 EROZOLIM... TOC CNTR Cold n, polarized
FENS M. Schumann et al.,
Photomultiplier Tubes J Scintillation Detector PRL 99, 191803 (2007);
i ] | |l TorFlectrons PERKEO 1B and Ph.D. Thesis( :
Magnetic Field Lings * ﬁ
= \\‘ ‘ Decay|Volume I ) N__ (Ee) - N++ (Ee)
e

n-Spin

—

13

Neutron Bea [ 14
||
!

oils in Sglit Pair
Configuratjon

=

B, (£

NT(E)+N"(E,)

Carbon Foil ‘J j :
on high Voltage

=
100 mm

I
B..,(E.) related to B via
integration of W over the

hemispheres



The "UCNB" concept Librtied 70 Rev. Mox, Fis

T T T 1‘ Basic Idea: Detect e-p

coincidences
Neutron Spin e: “start” (prompft)
Proton p; “Slow" (~ us - ms)

Electron

Neutrino

| | UCNRB Observables

Neutron Polarization

First-Pass Goal: Electron and Proton Directions
01% on B Electron Energy

& B. Plaster UK 1%




1.0-Tesla superconducting

solenoidal magnet Silim-n detector
\ (biasable)

UCN decay trap: roughened
absorber  biasable and (diffuse) surfaces
open-ended 7 0-Tesla
olanzer /spin-fhipper
DLC-coated P /sp PP
Cu tube

UCN from
SD2 source

11



Highly Segmented Si Detector

* Developed by
LANL with LDRD
funding

e 51 15and
2mm thick

e New level of
resolution

« Background
reduction with e-p
coincidence

e <100nm dead
layer, p-gun

12



Preliminary Systematics + Statistical Error

Table 1: Major corrections and error table for “Bexp (E)”

<0.07%

Major Systematic Correction |[Error Source

Statistics n/a 0.05%| Assuming a year long run
Neutron polarization <0.1%0.02% UCNA experience

Det. calibration, linearity, response 0.10% <0.01% Projected silicon detector linearity
Proton backscatter 0.07% <0.01% [8]

Electron Backscatter 0.30% 0.06%]|[10]

Missed coincidences 0.10% <0.03% 1 ms window [9]

Accidental coincidences -0.10% <0.01% Rate 10/s ~ 1 ms window [9]
Mirroring effects in B field expansion -0.04% 0.02%|UCN absorbers

Total 0.30% “Cexp (E)”




(1/N,) dN/(dQdq) (st™)

Electron Backscatter Modeled

0.12

0.1

0.08

0.06

0.04

0.02

PHYSICAL REVIEW C 68, 055503 (2003)

(a) Silicon target 6=20 degrees
Data 6=30 degrees
Penelope * 1.1 =4 Tee

6=50 degrees

6=70 degrees

AT
—————

125 KeV data from Caltech e-gun

Monte Carlos
exist — UCNA

Only effects
energy in “C”

Can use bhias to
under stand low
energy response
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UCN Hall Layout

Neutron Polarizing/Spin-flipper Magnet

sidea

UCN Source
L ;3‘,




UCNA->UCNb, UCNB

Current facility DOE and NSF funded

UCNA->UCNE

Liquid N,

Be reflectc( )

LHe |

Solid By—]

77 K poty|

Tungsten Target




UCN sources, Solid, LHe, Doppler

Classic New “Superthermal” UCN sources
Doppler utilize phonon scattering. Both liquid
Source and solid media are being used.

S /// S
SIS IS

E., Q000 O

Turbine wheel

phonon

= ’ TS EUCN

£ What makes a good

| 1-2 uen/ce superthermal UCN source?
saer Low neutron absorption

Pb shutter

O\ High single phonon energy

Light atoms
0,0 Tank
@ Vertical cold source {VCS)

Weak crystal

N



LANSCE LINAC provides unique, highly-flexible beam delivery to multiple facilities
7 months per yr @ 24/7 with ~1200 user visits

Lujan Center
Materials science and
condensed matter research
Bio-science
Nuclear physics
BES National User Facility

WNR

Nuclear physics
Semiconductor irradiation

Proton Radiography
» HE science, dynamic materials
science, hydrodynamics

Isotope Production Facility
= Nuclear medicine
= Research isotope production

The Los Alamos Neutron Science Center

800 MeV protons, up to 1 mA at 120 Hz and 12% DF

Ultracold Neutrons Facility
» Fundamental nuclear physics



The heart of LANSCE is a very flexible 800-MeV proton linear accelerator (LINAC)--one of the most
powerful in the world!

Area C
Isotope Production
Facility N4
& Ultra-Cold Neutrons
H+ Source Proton
[— RadIOgraphy BOO MeV
075 MeV Drift Tube ~ 100Mev Side-Coupled Linear Accelerator Area A
H- Source Linear (Currently unused)
Accelerator
8.3ms Accelerator pulses of ~0.6-0.8 ms come at a rate of up to 120 per second H+ Beam

= H- Beam

B Lujan Pulses (20Hz) T Time O IPF and WNR(40-100Hz) or pRad/UCN Pulses

pRad/UCN
(on demand)

Lujan Target (1L)
13

LINAC provides uniquely time-structured Weapons Neutron

pulsed beams of varying power levels Rese?m;";‘ci”ty

“simultaneously” to five different , S0

experimental areas 60R Lujan Center

30R WNR Target 2

15L 30L
WNR Target 4



UCN Experiment Hall at LANSCE (Area B)

Dedicated experiment hall
25X25m

Beam line shared with proton radiography
1 hr to switch beams

UCN dedicated beam ~100 hours/wk
(Nights and weekends!)




Top view of experiment hall

Protons in



The UCNA Apparatus at LANL

|

UCN Source

safety foil

Polarizer magnet
and spin flipper

UCNA Spectrometer = i



UCNA Apparatus in LANSCE Area B

DL

\ B%2
27
7 |




UCN Source Layout

Shield plug starts here —___

SD, VOLUME FLAPPER
VALVE

6 m horizontal guide here

W at ~100 C S
Beand C at 300 K =
CH2 at 40-120 K
Al and Be walls to
minimize heating
Coated with 58Ni ==&
Flapper valve to isolate
UCN from D2 and minimize:t
radiative heating

COOLED POLYETHYLENE
MODERATOR

GRAPHITE

He-COOLED W
SPALLATION TARGET




Cold neutron measurements: direct
detection and Ar activation

COLD NEUTRON
DETECTOR

SD, UCN
SOURCE

PROTON

CALIBRATED
VOLUME

HPGe DETECTOR




Argon activation cold flux measurements

Measure background

Freeze calibrated volume
of Ar into cryostat

Exposed to known proton
flux, producing *Ar

Boil off into calibrated gas
volume

Count decays with HPGe
counter

Calibrate efficiency and
solid angle with °Co
source

Compare to MCNP
prediction

Extract cold neutron flux:
(1.7 +/-0.3)el0
n/cm?/s/uA (with no
deuterium)

Counts/sec/channel

100

10

0.1

0.01

0.001

OAr+n -4 Ar
HAr —»e+tK" (1.2 MeV y)

N

\

““L“‘/\\l

—Background

——Activated Ar

500 1000

1500

2000

2500 3000 3500

Channel number

4000



Cold neutron TOF measurement

COLD NEUTRON
DETECTOR

SD, UCN
SOURCE

PROTON

CALIBRATED
VOLUME

HPGe DETECTOR




Cold neutron TOF measurement

*  Cold neutrons detected after 3.6 m vertical flight
through 2 cm diameter hole in shield package

e 1 proton pulse per second, 1.4e10 protons per 250
ns pulse

Compare to MCNP prediction: 1.56e5 n/uC detected
vs 1.70e5 predicted (full); 0.75e5 n/uC detected vs
0.86e5 predicted (empty) (< 25 meV)

1%, 10000
|§ 25 meV
;5 —Source full
1000 - S
— —Source empty
=
S
c
4000 ;:: 100
« 2
§* S
3000 3 3
) ¢ s O
o °
E2000 1§ o 10
s 8
o $ .
1000 - : :
.
J $ 1 ,

v
|

500 1000 1500 2000
0 1000 2000 3000 4000 .
Channel (arb) Tl me (,US)



Internal UCN Measurements

UCN Detector

GRAPHITE

Be

Natural Ni Foil

2 250 pm Aluminum window
Cathodes\%h

1]
|R=3.91
Neutrons

Anodes —

(222> €222 *‘
COOLED POLYETE
MODERATO

Detector 165m

Horizon

Guide L

SD,




Internal UCN Measurements

Cut off in MC corresponds to height + Al potential — D2 potential

UCN transport using custom MC: track back to UCN density in D2 of
85(10) UCN/uC/cm3

Use measured CN density + Atchison production cross sections:
107(20) UCN/uC/cm3

Compare to prototype:

@6 pA: 3000 UCN/cm3

3 1000

§ 100 & \ X — Target empty

£ — Target full

g . | »dg.‘ — Difference

= A A0 ‘ Monte Carlo

> éu_}g »" n lruwm m L

z 1 G i!iﬁ f "m i “; i "{ll ’11'?!!"'*
AU

0 ‘ | Jr i TM ] |||m

0 0.1 0.2 0.3 0.4 0.5

Time (sec)



External UCN Measurements:
Transport thru shield stack

——Beam

SOURCE ”
INSERT

- = =Shutter

FLAPPER
VALVE

MAIN
DETECTOR

MONITOR
DETECTOR

GATE VALVE




Flapper Open: sensitive to specularity

Counts (s1)

System lifetime measurements

« Simulate transport of UCN through shield wall, detect with GV monitor, Gate

valve closed

* Vary specularity and loss per bounce to match measured distributions
« ~10 cm diameter SS guides, butted joints, ~6 m total length to gate valve
* Measure lifetime with flapper open (D2 exposed) and closed (D2 hidden)
* Monitor detector port not well modeled: check normalization with main detector

500

400

w
o
o

o
o

CBunts (s)

1000

800

(o)}
o
o

400
200
0

Flapper Closed: sensitive to loss

20 0 20 40 60 80 1
Time (s)

00

x Data
—0.0001
—0.0002
—0.0003

0.0004
0.0005



UCN g{UCN/cm?)

External UCN Measurements: Confirmation of monitor normalization

¢ Main vs monitor comparison
checks modeling of monitor port 12000 160

« Varying magnetic field also
allows extraction of UCN W, 1 140
velocity distribution 10000 +—= k
e Calibrated MC allows prediction .f‘ N AN L
i R, ] l‘l =|
gfsliecrlr\ll density throughout — A !i""” L] ‘,.M!w‘p,.!fi” i
y o WMT'T !;;I-m TS YT+ 100
«  Track back to density in D2: & TR ﬁ
60(12) UCN/uClcm? AP 4 L 0 R
¢ UCN density at monitor port @6 § ' o (N foan
nA: 79(16) UCN/cm3 | L
100 4000
+ 40
2000
1 T + 20
alil o o
| e b o A 0 2 4 6
$ &QQ:@&*’ B(M
&



Direct Measurement of UCN density at
Shield Exit

» Direct measurement of UCN density using
V foll

* 1 cm diameter, 250 um thick Affix 1 cm V foil here

o SV+n->5V ->52Cr+ g+ 1.43 MeV y

« Calibrate solid angle with 8°Co source

* Correct for thermal upscatter in V foil (1.02)
« Correct for V oxide potential (1.16)

« UCN density @ 6 pA is then 52(9)
UCN/cm3

e Compare to 79(16) UCN/cm?3 measured
indirectly

MAIN
DETECTOR

GATE VALVE

(inside guide)

MONITOR
DETECTOR




Layout of Test Port Area

To Polarizer and
UCNA

T

Shield
Wall

Gate Valve

«—— UCN from

source

Test Port -
Switcher (7 m of

¢ Zr Window

steel
guides)

6 T Pre-Polarizer .
Monitor Det.
Magnet



User Experiment location in LANSCE Area B
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Neutron Lifetime Experiment on Test Port




The Bottom Line

Source and Test Port are available and running now
Parameters:

LANSCE runs 7 months/year

Proton beam is shared with PRAD
— available ~100 hrs/wk while accelerator is on

UCN source is shared with UCNA
— Test port beam can be on 10 minutes per hour while UCNA runs

~25 UCN/cc at Test Port (after PPM), 52 at shield wall, up to 180
neV (at 5 KW incident proton power)

UCNSs at Test Port are polarized to be high-field seekers

Backgrounds outside of beam gate are largely natural
— Beamgateis0.2sper5s

Allocation by UCNA Executive Committee for now

But we hope for a PAC process soon



Future Improvements???

Improved proton beam tune

— X~2

— Requires 0.2 M$ for new beam pipe and diagnostics
Beam pattern: spread out pulses

— X~2

— Requires 0.5 M$ for safety equipment
Lower loss, higher V guides

— X~3

— Requires 0.3 M$ and six months to replace guides
Duty factor: kick beam to pRad

— X~2

— Requires 3 M$ for kicker and shield wall
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Improved proton beam tune

— X~2

— Requires 0.2 M$ for new beam pipe and diagnostics
Beam pattern: spread out pulses

— X~2

— Requires 0.5 M$ for safety equipment
Lower loss, higher V guides

— X~3

— Requires 0.3 M$ and six months to replace guides
Duty factor: kick beam to pRad
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UCN Production Improvement by Spreading out Beam pulses

900
800 3 *
700 ¢

5 600 ¢

£ 500

o

= 400

O

2 300
200
100

0

UCN production outside shield wall

0 / 10 20 30 Hxh““'--x 40

: Desired pulse spacin
Present pulse spacing ~ 1ime between pulses (sec) P pacing

e Data taken in August, 2012, at low current
*  Matching pulse spacing to lifetime above flapper optimizes UCN production at equal average current
*  Present spacing limited by beamline current limiting devices (hardware), not by safety requirements



Future Improvements???

Improved proton beam tune

— X~2

— Requires 0.2 M$ for new beam pipe and diagnostics
Beam pattern: spread out pulses

— X~2

— Requires 0.5 M$ for safety equipment
Lower loss, higher V guides

— X~3

— Requires 0.3 M$ and six months to replace guides
Duty factor: kick beam to pRad

— X~2

— Requires 3 M$ for kicker and shield wall

— Wall alone increases time available to UCN by ~20%

— Kicker in addition increases time by 100%
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Conclusions

« Full suite of neutron beta decay experiments at Los Alamos
 UCNS give unique advantages
 UCNA producing competitive results
— Will eventually reach ~0.2%
« UCNT7 will start acquiring data soon
 UCNB will probe new territory
« LANSCE UCN Source is in production
— Supplying beam to UCNA, nEDM, UCNTt, UCNDb
« Source performance has been measured and modeled
— CN and UCN measurements match MC predictions
* Incremental improvements are still possible
« Technology is not near fundamental limits
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