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WhyWhy……

Z0
 

= 91.2 GeV

W±

 
= 80.4 GeV 

range ‐
 

≤
 

2×103

 
fm .

π, ρ, ω ≤ 300 MeV. 
range ‐

 
≤

 
1

 
fm .

Bosons are too heavyBosons are too heavy

M. Dabaghyan for the NPDGamma Collaboration The n + p → d + γ

 

Experiment at LANL

Explore weak interaction at low energies.  

The ΔI = ½
 

rule: Γ(Ks
0

 

→ π0π0) »
 

Γ(K+

 

→ π+π0). 

Probe strong interaction at low energies.

Study the weak interaction between hadronsStudy the weak interaction between hadrons



Weak InteractionWeak Interaction

μ→ e‐
 

+ υμ
 

+ υe

n
 

→ p + e‐
 

+ υe

n + p
 

→ n + p

Weak processesWeak processes
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Weak InteractionWeak Interaction

ΔS = 0 : strong

Use Parity!

Weak vs. StrongWeak vs. Strong
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Parity ViolationParity Violation

Two nucleon system:                   

 n + p → d + γ

ΔS = 0, ΔI = 1
 

channel

Study the weak interaction Study the weak interaction 
 between hadronsbetween hadrons

P(x) = ‐

 
x

P(y) = ‐

 
y

P(z) = ‐

 
z

ParityParity

P(sn

 

) = sn
P(kγ

 

) = -
 

kγ
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Why PV in Why PV in n+p n+p →→ d+d+γγ
 

??

Parity ViolationParity Violation
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33SS11

 

, I=0, I=0 33PP11

 

, I=1, I=1 11PP11

 

, I=0, I=0

33SS11

 

, I=0, I=0 33PP11

 

, I=1, I=1 11PP11

 

, I=0, I=0 11SS00

 

, I=1, I=1 33PP00

 

, I=1, I=1

Hindered transitionHindered transition

n + p n + p excited and ground statesexcited and ground states



HowHow……
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Goal:Goal:
DDH:DDH:     

DDH: Desplanques, Donoghue, Holstein, Annals of Physics 124, 198DDH: Desplanques, Donoghue, Holstein, Annals of Physics 124, 1980, 449.0, 449.
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DDH Theoretical
Estimate

n+p→d+γ
Cavaignac et al.
Phys.Lett.B., 67
148, 1977
18F
Evans et al.; Bini et al.
Phys.Rev.Lett. 55
133Cs
Wood et al.
Science 275, 1753, 1997 
Flambaum and Murray
Phys. Rev. C 56, 1641, 1997

Compound Nuclei
Bowman et al. LANL 2002

-2      -1        0       1       2        3       4

HHππ
 

11
 

so farso far……

Hπ
1(×10-6)

 

Hπ
1(×10-6)



Experiment Experiment --
 

OverviewOverview
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Flight Path

Neutron Guide

Shielding

Holding Field

Beam Monitors

Detector Array

RF Spin Flipper

Polarizer

Analyzer

Hydrogen Target

Compound Targets
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800 MeV Protons from ½

 mile linac (~100μA)
Protons hit the W 

 spallation target to produce 

 neutrons
Neutrons are moderated 

 by LH2 to ~100meV
20Hz pulses – 50ms frames  

 – time of flight information
Neutrons are delivered by 

 an ~20m “supermirror”

 
guide

Flight Flight ––
 

PathPath

Experiment Experiment ––
 

Flight PathFlight Path



Apparatus Apparatus 
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Apparatus Apparatus ––
 

Flight Path Length Flight Path Length 
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Bragg TransmissionBragg Transmission

 

Flight Path LengthFlight Path Length

0 21.10 0.03

1 21.11 0.03  

2 21.49 0.03   

3 22.81 0.04  

LL11 LL22 LL33

Tn



3π

 

acceptance

4 rings of 15×15×15 cm3

 

CsI crystals  

VPD: insensitive to magnetic field

High event rate: use current mode

Low-noise preamps: < 0.1 mV RMS

Operate at counting statistics

95% γ’s stopped in crystals

Aligned with B0

 

better than 1o

Measure Neutron FluxMeasure Neutron Flux

Experiment Experiment ––  γ
γ--ray Detectorsray Detectors
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Presenter
Presentation Notes
Rates are about 1010 /s  current mode detection.

Light from CsI(Tl) is detected by 3” vacuum photodiodes which have S20 photocathodes.
vacuum photodiode linearity  <  10-4  and
magnetic field sensitivity  < 10-4/G  and < 10-5/G2

Vacuum photodiode has a gain of 1  a high-gain low-noise I  V preamplifier is required.

In the current mode detection statistical fluctuations (counting statistics) appear as a shot noise in photodiode current.

RMS of the shot noise current density is  i_noise/√f = √(2qI) ~ n_pe√(2·rate) ≈ 5 pA/√Hz per detector.

Sources of noise; Johnson noise in Rf, current and voltage noises in the op amp input, and photocathode dark current

If Rf = 60 M then the total calculated equivalent noise at the input is 19 fA/√Hz dominated by Rf.

Noise value measured from the circuit is about 20 fA/√Hz.     counting statistics/noise  250.

Counting statistics rules the run time.

To measure beam-off false asymmetry to 0.5 x 10-8  beam-off time of a few minutes is needed.




Experiment Experiment ––
 

PolarizerPolarizer

33He cellHe cell
UnpolarizedUnpolarized

NeutronsNeutrons

PolarizedPolarized

NeutronsNeutrons

Helmholtz CoilsHelmholtz Coils

Polarized Laser LightPolarized Laser Light

12 cm in diameter, 5 cm thick12 cm in diameter, 5 cm thick

4.9 atm4.9 atm··cmcm

Relaxation time of 500 hrsRelaxation time of 500 hrs

Typical polarization ~ 55%Typical polarization ~ 55%

BooBoo‐‐BooBoo
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‐‐

 
3 barns3 barns

‐‐

 
5333 barns!5333 barns!

Transmission Transmission 

33He as a Neutron Spin FilterHe as a Neutron Spin Filter

nn 33HeHe

nn 33HeHe

 

 

 

Experiment Experiment ––
 

PolarizerPolarizer
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T n
/T

o

TOF [ms]



Experiment Experiment ––
 

Polarizer PerformancePolarizer Performance
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Experiment Experiment ––
 

AnalyzerAnalyzer

Measure Neutron Beam polarizationMeasure Neutron Beam polarization

Measure RFSF efficiencyMeasure RFSF efficiency

Optimize RFSF parametersOptimize RFSF parameters

FunctionFunction
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Experiment Experiment ––
 

AnalyzerAnalyzer

PEEK/glass componentsPEEK/glass components

Uniform Temperature (165Uniform Temperature (165oo

 

C)C)

NonNon--metallic partsmetallic parts

Polarized light from 2 sidesPolarized light from 2 sides

30 W Laser30 W Laser

OvenOven

Laser Optics Laser Optics 
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Transport SuitcaseTransport Suitcase

2.5 cm in diameter2.5 cm in diameter

6.2 atm6.2 atm··cmcm

Relaxation time of 130 hrsRelaxation time of 130 hrs

Typical polarization ~ 47%Typical polarization ~ 47%

Experiment Experiment ––
 

AnalyzerAnalyzer

Helmholtz coils create 12 Gauss fieldHelmholtz coils create 12 Gauss field
Running on batteriesRunning on batteries
Loss of polarization: ~10%/hrLoss of polarization: ~10%/hr

TS TS ‐‐
 

1212
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Experiment Experiment ––
 

RF Neutron Spin FlipperRF Neutron Spin Flipper

Limit systematic effects Limit systematic effects 

2 mm Al housing enough to isolate RF field2 mm Al housing enough to isolate RF field

20 Hz pulse pattern: 20 Hz pulse pattern: ↑↓↓↑↓↑↑↓↑↓↓↑↓↑↑↓

Resonant Radio Frequency Spin RotatorResonant Radio Frequency Spin Rotator
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Presentation Notes
Systematic effects – detector gains etc.



Optimization is performed using the AnalyzerOptimization is performed using the Analyzer

Normalized population difference between Normalized population difference between ↑↓↑↓

RFSF Efficiency OptimizationRFSF Efficiency Optimization

RFSF RFSF ––
 

Parameter OptimizationParameter Optimization
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Presenter
Presentation Notes
Systematic effects – detector gains etc.



RFSFRFSFRFSFRFSF

RFSFRFSF

RFSFRFSF

RFSF Efficiency MeasurementRFSF Efficiency Measurement

RFSF RFSF ––
 

EfficiencyEfficiency
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PV in Compound Nuclei PV in Compound Nuclei ––
 

Not so simple, Not so simple, 
so why bother?so why bother?

Some materials are in the beamline –

 
Al, Cu, In …

Reason 1.Reason 1.

Study PV in nuclear targets – has not been done for this A‐range

Reason 2.Reason 2.
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Selection CriteriaSelection Criteria

Compound Solid TargetsCompound Solid Targets

List of Solid TargetsList of Solid Targets
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Compound Solid TargetsCompound Solid Targets
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Targets Targets ––
 

LHLH22

LHLH
 

22

 

TargetTarget

Aluminum cylinder Aluminum cylinder 

Diameter of 26.62 cm Diameter of 26.62 cm 

16L of LH16L of LH22

kept at ~ 17 K kept at ~ 17 K 

σσcapcap

 

««
 

σσscattscatt

ParaPara--HH22

 

: capture and coherent scatter: capture and coherent scatter

OrthoOrtho--HH22

 

: coherent and incoherent scatter: coherent and incoherent scatter
 

 
 

Cross sectionsCross sections
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C
ro

ss
 S

ec
tio

n

meV

σs
ortho

σs
para

σa

Presenter
Presentation Notes
Sigmas are given for 2200m/s fast neutrons



OrthoOrtho--Para conversion Para conversion --
 

1030 hrs1030 hrs

Two FeOTwo FeO22

 

OPCs OPCs ––
 

112 hrs112 hrs

OPC #1OPC #1

OPC #2OPC #2

LHLH22

 

targettarget

Neutron BeamNeutron Beam

Targets Targets ––
 

LHLH22

 

 

OrthoOrtho‐‐toto‐‐Para ConversionPara Conversion
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Targets Targets ––
 

LHLH22

M2M2 M3M3

LHLH22
Full measurement:Full measurement:

Empty measurement:Empty measurement:

Resulting inResulting in

Transmission Through LHTransmission Through LH
 

22

3

2

3

2
 

3

2

3

2
2  

2
3 2

3 2
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Presenter
Presentation Notes
Scattering cross section is strongly dependent on fractional concentration of species in LH2, transmission through the target is used to monitor the fractional concentration of para-H



Data AnalysisData Analysis

ϑϑ
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Raw AsymmetryRaw Asymmetry

Physics AsymmetryPhysics Asymmetry
θθ

Data AnalysisData Analysis

 

 

· ·  

∑
,

∑
, ∑

,

 

Sequence AsymmetrySequence Asymmetry
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Table Motion MeasurementsTable Motion Measurements

Reconstructed AnglesReconstructed Angles

Detector GeometryDetector Geometry

,  
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Error from LeftError from Left‐‐Right Mixing into UpRight Mixing into Up‐‐DownDown

Ideally cosϑ

 

and sinϑ

Neutron absorption probability

Energy left by a γ

 

in the crystal

Geometry FactorsGeometry Factors

Detector GeometryDetector Geometry
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Depolarization in the targetsDepolarization in the targets

Neutron Beam DepolarizationNeutron Beam Depolarization
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Backgrounds and false asymmetriesBackgrounds and false asymmetries

Electronic pick‐up

Activation

Scattered neutrons

Frame overlap

γ’s from spallation

Few percent for solids

More for LH2

ABkg

 

= 0

Sources of Backgrounds Sources of Backgrounds 
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CutsCuts

Neutron beam current

Detector sums/diff’s

Beam fluctuations

Detector saturation

Valid spin sequences

Cuts on the DataCuts on the Data
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SystematicsSystematics

Multiplicative noise

Additive noise

Non‐hydrogen target Aγ

Mott –

 
Schwinger LR

Stern – Gerlach steering

SourcesSources
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Huge known UD asymmetry

Calibrate the experiment   

ChlorineChlorine

 Fit toFit to

Asymmetry Results Asymmetry Results --
 

ChlorineChlorine

AAγγ
 

UDUD
 

= (19.62)= (19.62)××1010--66

AAγγ

 

LRLR

 
= (0.087)= (0.087)××1010--66
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AAγγ
 

= (19.47 = (19.47 ±±
 

2.022.02))××1010--66

-3.0E-05

-2.0E-05

-1.0E-05

0.0E+00

1.0E-05

2.0E-05

3.0E-05

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

A
γ

ra
w

θdetector [rad]

Cl Data A=UD*COS(x) + LR*SIN(x)



ParaPara--Hydrogen, Hydrogen, 
AAγγ

More statistics

Better knowledge of background  

HydrogenHydrogen

Asymmetry Results Asymmetry Results --
 

HydrogenHydrogen

AAγγ
 

= (0.95 = (0.95 ±±
 

2.012.01))××1010--77

M. Dabaghyan for the NPDGamma Collaboration The n + p → d + γ

 

Experiment at LANL

AAγγ
 

UDUD
 

= (1.7)= (1.7)××1010--77

AAγγ

 

LRLR

 
= (1.1)= (1.1)××1010--77

-1.5E-06

-1.0E-06

-5.0E-07

0.0E+00

5.0E-07

1.0E-06

1.5E-06

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

Aγ
ra

w

θdetector [rad]

DATA A=UD*COS(x) + LR*SIN(x)



Results Results ––
 

The other targetsThe other targets

CoCo 7.77.7 3.53.5 0.70.7 3.63.6

CuCu --11.911.9 5.85.8 1.11.1 5.95.9

InIn 6.86.8 33 0.60.6 3.13.1

MnMn --5.35.3 7.87.8 0.50.5 7.87.8
ScSc 77 2.82.8 0.70.7 2.92.9
TiTi --6.56.5 33 0.60.6 3.13.1
VV 1.71.7 6.36.3 0.20.2 6.36.3

TargetsTargets AAγγ

 

((××1010--77)) σσAAγγ,stat,stat

 

((××1010--77)) σσAAγγ,syst,syst

 

((××1010--77))
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σσAAγγ,TOT,TOT

 

((××1010--77))



SummarySummary
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AAγγ

 

= (0.95 = (0.95 ±±
 

2.012.01))××1010--77

HHππ

 

11

 
= (= (--2.1 2.1 ±±

 
4.54.5))××1010--66

LANL 2006, LANL 2006, 
Production Phase 1Production Phase 1

PreliminaryPreliminary

Cavaignac et al.Cavaignac et al.
Phys.Lett.B., 67Phys.Lett.B., 67

148, 1977148, 1977

AAγγ

 

= (0.6 = (0.6 ±±
 

1.81.8))××1010--77

HHππ

 

11

 
= (= (--1.4 1.4 ±±

 
4.04.0))××1010--66

DDH Theoretical
Estimate

n+p→d+γ
Cavaignac et al.
Phys.Lett.B., 67
148, 1977

18F
Evans et al.; Bini et al.
Phys.Rev.Lett. 55

133Cs
Wood et al., Science 275, 1753, 1997 
Flambaum and Murray, 
Phys. Rev. C 56, 1641, 1997

Compound Nuclei
Bowman et al. LANL 2002

-4                        -2                        0                        2             4
Hπ

1(×10-6)

n + p → d + γ
LANL 2006, Preliminary
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