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TheThe ndnd--ExperimentExperiment
a a highhigh--accuracyaccuracy experimentexperiment to to measuremeasure thethe spinspin--dependentdependent

neutronneutron--deuterondeuteron scatteringscattering lengthlength aai,di,d
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overviewoverview

•• Experimental Experimental TechniqueTechnique
•• RamseyRamsey--Setup Setup forfor neutronsneutrons
•• ResultsResults BeamtimesBeamtimes Summer/Winter 2005 Summer/Winter 2005 
•• SummarySummary / Outlook/ Outlook
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pseudomagneticpseudomagnetic precessionprecession
[V. Barychevsky, M. Podgoretsky, JETP 20 (1965) 704]
[A. Abragam, H. Glättli et al., PRL 31 (1973) 776]
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PolarisedPolarised neutronsneutrons seesee a a spinspin--dependentdependent potentialpotential VVspinspin in a in a targettarget
containingcontaining polarisedpolarised nucleinuclei, , duedue to to spinspin--dependentdependent strongstrong--interactioninteraction..
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TECHNIQUES OF THE EXPERIMENTTECHNIQUES OF THE EXPERIMENT

[[B.v.dB.v.d. Brandt et al., NIM A . Brandt et al., NIM A 526526 (2004) 81(2004) 81--90]90]
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RamseyRamsey‘‘ss techniquetechnique

ππ/2/2 ππ/2/2

BB00

nn

RFRF--fieldfield::
ωω0 0 = = nnBB0 0 ≈≈ 73 MHz @ 2.5T73 MHz @ 2.5T

spinspin--
analyseranalyser

[N.F. Ramsey, Phys. Rev. [N.F. Ramsey, Phys. Rev. 7878 (1950) 695](1950) 695]
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samplesample causescauses additional additional spinspin--
precessionprecession, , e.ge.g. . byby φφ*=*=ππ
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splitsplit beambeam--methodmethod

targettarget--cellcell filledfilled withwith
liquid liquid 44He (He (TT~100mK~100mK))

neutronneutron spinspin--analysisanalysis

monochrom.monochrom.
pol. pol. nn--beambeam

~ 2cm~ 2cm

referencereference beambeam

targettarget beambeam
φ*

ππ/2/2--RF RF spinflipperspinflipper--coilcoil
((phasephase & & amplitudeamplitude stabilizedstabilized))

66LiFLiF--diaphragmdiaphragm

polarisedpolarised samplesample ((lengthlength ~~2mm) 2mm) 
woundwound withwith 2 2 NMRNMR--coilscoils

magneticmagnetic fieldfield of of approxapprox. . 2.5 Tesla2.5 Tesla
perpendicular to the drawing plane.perpendicular to the drawing plane.

twotwo detectorsdetectors
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howhow to to measuremeasure φφ* ? * ? –– frequencyfrequency scanscan

72.755 MHz72.755 MHz72.757 MHz72.757 MHz72.759 MHz72.759 MHz72.761 MHz72.761 MHz72.763 MHz72.763 MHz72.765 MHz72.765 MHz72.789 MHz72.789 MHz

φ*

φ*

Amplified rf-signal Ramsey Ramsey oscillationoscillation
patternspatterns

TheThe neutronneutron--spinspin makesmakes severalseveral thousandthousand precessionsprecessions on on thethe way way 
betweenbetween thethe twotwo spinspin--flippersflippers ---- wewe needneed to to measuremeasure thethe phasephase--

shiftshift betterbetter thanthan 0.50.5°° to to achieveachieve ourour accuracyaccuracy--goalgoal..

referencereference beambeam

targettarget beambeam

monochrom.monochrom.
pol. pol. nn--beambeam
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phasephase--stabilitystability testtest

•• relative relative phasephase betweenbetween thethe spinflippersspinflippers isis stabilizedstabilized betterbetter thanthan ±±0.040.04°°
•• magnetic field is stabilized by NMRmagnetic field is stabilized by NMR--probes to probes to ±±5x105x10--77

 NeverthelessNevertheless generalgeneral driftsdrifts cancan occuroccur ((e.ge.g. . temperaturetemperature--driftsdrifts):):

±± 0.50.5°°
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exampleexample: : simulatedsimulated & & measuredmeasured datadata

SimulationSimulation--parametersparameters::
PPnn = 90%, = 90%, λλcentercenter = 4.9= 4.9ÅÅ ,  ,  ΔΔλλ//λλ = 8%= 8%
RfRf--flipperflipper distance = 8cmdistance = 8cm
RfRf--flipperflipper coilcoil--lengthlength = 0.8cm= 0.8cm

Measured Ramsey-patterns are in excellent
agreement with the theory.
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EXPERIMENTAL SETUPEXPERIMENTAL SETUP
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coldcold, , polarisedpolarised neutronneutron beambeam „„FUNSPINFUNSPIN““

wavelengthwavelength--integrated neutronintegrated neutron--flux density:flux density:
ΦΦ = 2.46 x 10= 2.46 x 1088 [n/cm[n/cm22··ss··mA]  mA]  -- polarisedpolarised !!!!

SINQ SINQ --
spallationspallation sourcesource

((typtyp. 1.2 mA). 1.2 mA)
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scatchscatch of of thethe RamseyRamsey--setupsetup

pol. pol. 
nn--beambeam

monitormonitor det.det.

NiTiNiTi--supermirrorsupermirror
λλ0 0 ~~ 4.94.9ÅÅ,, ΔΔλλ//λλ ~~ 8%8%

dilutiondilution fridgefridge / / 
targettarget--cryostatcryostat

2.5 T 2.5 T magnetmagnet

NMRNMR--probeprobe

ππ/2/2--rfrf--spinflipperspinflipper

pipi--flipperflipper

wallwall

spinspin--analyseranalyser
((benderbender))

66LiFLiF--diafragmsdiafragms

33HeHe--detectorsdetectors

guidefieldguidefield
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λλ--selectionselection & & leadlead shieldingshielding

22ΘΘ
~ 3

.2
~ 3

.2°°

RamseyRamsey--setupsetup

neutronneutron beambeam--pathpath
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nn

~~100 mm

100 mm

ππ/2 /2 –– neutronneutron spinspin--flipperflipper

rfrf--coilcoil mademade out out 
of of silversilver wirewire

TThehe ππ /2/2--spinspin--flippers flippers areare matchedmatched
resonantresonant--circuitscircuits at 73 MHz (2.5T):at 73 MHz (2.5T):

matchingmatching
capacitorscapacitors

coolingcooling withwith
compressedcompressed airair
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cryostatcryostat, , magnetmagnet & & targettarget

BB00

66LiFLiF

targettarget
holderholder

58
 m

m
58

 m
m

TargetTarget in in upperupper
beambeam--pathpath

ReferenceReference
beambeam--pathpath
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BEAMTIME SUMMER 2005BEAMTIME SUMMER 2005

afterafter settingsetting up up thethe cryostatcryostat
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improvedimproved RamseyRamsey--signalssignals in 2005in 2005

-- newnew supermirrorsupermirror wavelengthwavelength--selectorsselectors
-- an an improvedimproved neutronneutron collimationcollimation systemsystem
-- newnew designeddesigned π/2/2--spinflippersspinflippers

more Ramsey-wiggles visible
increase of the amplitude
broadening of the resonance (approx. 15-20%)

20042004 20052005
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butbut thenthen ……

TheThe RamseyRamsey--Signal was Signal was notnot visiblevisible anymoreanymore. . Reason(sReason(s) ???) ???

: : unpolarisedunpolarised samplesample
: : polarisedpolarised samplesample

phasephase--shiftshift isis far far 
biggerbigger thanthan expectedexpected

????

samplesample inhomogeneitiesinhomogeneities ????

densitydensity polarisationpolarisationthicknessthickness
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polarisepolarise onlyonly a a littlelittle

PhasePhase--shiftshift increasesincreases withwith increasingincreasing nuclearnuclear polarisationpolarisation, , butbut isis
accompaniedaccompanied byby a a lossloss in in signalsignal--visibilityvisibility..

ThisThis lossloss isis maybemaybe duedue to to targettarget inhomogeneitiesinhomogeneities..

~~180180°°
~~4545°°
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sample sample inhomogeneitiesinhomogeneities –– we take a step back we take a step back ……

nn

InhomogeneitiesInhomogeneities in in thethe samplesample destroydestroy thethe neutronneutron spinspin--phasephase
coherencecoherence, , whichwhich leedsleeds to a to a dampingdamping of of thethe RamseyRamsey--signalsignal..

WeWe hadhad to test to test moremore samplessamples & & maybemaybe alter alter thethe productionproduction processprocess in in 
thethe nextnext beamtimebeamtime..

OurOur dilutiondilution fridgefridge doesndoesn‘‘tt allowallow forfor a quick a quick changechange of of samplessamples..

In order to find an In order to find an appropriateappropriate samplesample, , wewe decideddecided to to constructconstruct anan
1 Kelvin 1 Kelvin 44HeHe--bath bath cryostatcryostat, , whichwhich doesdoes..

φφ**

σσφφ**
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BEAMTIME WINTER 2005BEAMTIME WINTER 2005
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somesome partsparts constructedconstructed forfor thethe 1K1K--cryostatcryostat
11

3 
m

m
11

3 
m

m

AlAl

stainlstainl. . 
stealsteal

microwavemicrowave cavitycavity
vacuumvacuum--nosenose / / 

refrigeratorrefrigerator insertinsert

ØØ 22 mm22 mm
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commonlycommonly usedused samplessamples

DeuteratedDeuterated plasticsplastics FrozenFrozen alcoholsalcohols

CD3

O

CD3

CD3

CD3

N·
H
C

H
C

n

H

D
C

D
C

n

D

nn--PSPS dd--PSPS dd--TEMPOTEMPO EHBA/EHBA/EDBAEDBA--Cr(VCr(V))DD220 + 0 + dd--GlycerolGlycerol

CD2OD CD2OD

CDOD
 
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measuredmeasured samplessamples –– winterwinter 20052005

WeWe mesuredmesured severalseveral plasticplastic
and and frozenfrozen alcoholalcohol samplessamples
withwith variousvarious thicknessesthicknesses & & 

degreesdegrees of of deuterationdeuteration..

somesome resultsresults
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pseudomagnpseudomagn. . phasephase--shiftshift duedue to to TETE--polarisationpolarisation

Result: bi,p = (28.5 ± 4.6) fm
Literature: bi,p = 25.217(6) fm

Polarisation Polarisation increasesincreases

TheThe errorerror isis mainlymainly causedcaused byby thethe
uncertaintyuncertainty of of thethe protonproton--densitydensity
and and thethe polarisationpolarisation of of thethe samplesample..

PhasePhase--shiftshift in a in a fullyfully
protonatedprotonated samplesample

(3mm (3mm thickthick nn--PS)PS)
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HowHow bigbig isis thethe phasephase--shiftshift ??? ??? 
approxapprox. 270. 270°° + n x 360+ n x 360°°

pseudomagnpseudomagn. . phasephase--shiftshift duedue to DNPto DNP
Sample:Sample: dd--PS (ARMAR: 98%D) PS (ARMAR: 98%D) dopeddoped withwith: 2.7x10: 2.7x1019 19 dd--TEMPOTEMPO/ml /ml 

thicknessthickness = 1.6 mm = 1.6 mm -- 16.12.200516.12.2005

Thermal Thermal EquEqu. . 
SignalSignal

PolarisedPolarised SignalSignal

PPpp = 17% P= 17% Pd d = 12% (= 12% (fromfrom NMR)NMR)

φφ**expectexpect..= = (1503(1503 ±± 132)132)°°
φφ**measmeas.. = (1350.2 = (1350.2 ±± 1.5)1.5)°°  1010--33

72.786 MHz
72.786 MHz

RelaxationRelaxation of of thethe nuclearnuclear
polarisationpolarisation

TT1,p1,p=(322=(322±±14) s 14) s @ 1.1K, 2.5T@ 1.1K, 2.5T

Pol.Pol.

TETE

ReferenceReference beambeam

TargetTarget beambeam

MeasuringMeasuring time: 45 min time: 45 min eacheach !!
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newnew samplessamples workwork
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-- After After slightslight modificationmodification of of 
thethe productionproduction processprocess, , wewe
cancan nownow reliablyreliably produceproduce
workingworking samplessamples..

-- PhasePhase--shiftsshifts up to 1500up to 1500°°
havehave beenbeen observedobserved..
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interesting: sources of interesting: sources of inhomogeneitiesinhomogeneities

Frequency [MHz]
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20000

TE-Polarisation
Fully Polarised Sample - *=1350°
Microwave-power limits Polarisation - *=720°
Temperature limits Polarisation - *=800° PPpp~ 10%~ 10%

PPpp~ 17%~ 17%

T
em

p
T

em
p ..

μμ

1. Limitation of 1. Limitation of thethe polarisationpolarisation
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interesting: sources of interesting: sources of inhomogeneitiesinhomogeneities

Phase-shift due to nuclear polarisation 19.12.05

Measuring-point
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Aufpol 2 - Temperatur Limitting
Aufpol 3 - Attenuator Limitting 

Also Also obserableobserable duringduring thethe polarisationpolarisation--processprocess::

1. Limitation of 1. Limitation of thethe polarisationpolarisation
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Frequency [MHz]
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TE-Polarisation
Fully Polarised with FM-microwaves
Fully Polarised with non-FM-microwaves

interesting: sources of interesting: sources of inhomogeneitiesinhomogeneities
2. 2. nonnon--FMFM / FM / FM –– microwavesmicrowaves ((diffdiff. . targettarget thanthan beforebefore))
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summarysummary of of thethe beamtimesbeamtimes so farso far

2004:2004: -- successfulsuccessful setupsetup of of thethe stabilizedstabilized RamseyRamsey--apparatusapparatus withwith
twotwo separatedseparated neutronneutron--beamsbeams –– phasephase--stabilitystability:  :  ±±0.50.5°°

2005 I:2005 I: -- completedcompleted setupsetup byby addingadding thethe dilutiondilution fridgefridge (100mK) (100mK) withwith
a a polarisedpolarised deuterateddeuterated targettarget

-- observedobserved pseudomagnpseudomagn. . phasephase--shiftsshifts, , butbut thethe signalsignal--visibilityvisibility
was was reducedreduced moremore thanthan expectedexpected

2005 II:2005 II: -- wewe cancan nownow reliablyreliably produceproduce targetstargets, , withwith whichwhich wewe will will bebe
ableable to carry out a to carry out a succesfulsuccesful experimentexperiment

-- observedobserved phasephase--shiftsshifts up to 1500up to 1500°°, , withwith acceptableacceptable signalsignal
dampingdamping

-- reachedreached relativ relativ accuracyaccuracy:  :  1010--3  3  in 90 minin 90 min –– neededneeded:: 5x105x10--44
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outlookoutlook

•• PolarisationPolarisation--propertiesproperties of candidate samples will be further of candidate samples will be further 
investigated at dilution fridge temperatures in the labinvestigated at dilution fridge temperatures in the lab
-- done at the momentdone at the moment

•• Choose then the ideal sample for the Choose then the ideal sample for the first precision measurementfirst precision measurement
of the of the ndnd spinspin--dependent scattering length.dependent scattering length.

•• Next Next beamtimebeamtime planned for planned for summer 2006summer 2006 –– after the start of after the start of 
SINQ SINQ -- and another one in and another one in winter 2006winter 2006..
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ThanksThanks forfor youryour attentionattention..

contactcontact: : florian.piegsa@psi.chflorian.piegsa@psi.ch

[[B.v.dB.v.d. Brandt et al., NIM A 526 (2004) 81. Brandt et al., NIM A 526 (2004) 81--90]90]
[[P.HautleP.Hautle et al., et al., ProcProc. 16. 16thth Int. Int. SympSymp. High . High EnergyEnergy Spin Spin PhysicsPhysics SPIN 2004, 669SPIN 2004, 669--672]672]

[[B.v.dB.v.d. Brandt et al., . Brandt et al., ProcProc. PANIC. PANIC‘‘05 05 –– to to bebe publishedpublished]]
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pseudomagneticpseudomagnetic phasephase in in thethe rotatingrotating frameframe

1.1. initalinital statestate

2.2. firstfirst Pi/2Pi/2--Flip Flip 

3.3. freefree precessionprecession

4.4. additional additional phasephase

5.5. final final statestate
afterafter second  second  
Pi/2Pi/2--FlipFlip

<S>
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simulatedsimulated polarisedpolarised targettarget

n
B0B*

thethe auxiliaryauxiliary coilcoil producesproduces an additional an additional magneticmagnetic fieldfield (anti(anti--) parallel        ) parallel        
to to thethe mainmain fieldfield

simulatessimulates thethe pseudomagneticpseudomagnetic fieldfield of a of a polarisedpolarised targettarget
actsacts as a as a substitutesubstitute forfor thethe real real targettarget „„PseudotargetPseudotarget““--coilcoil
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phasephase stabilitystability test (2004)test (2004)

IdeaIdea:: useuse a a referencereference beambeam to to correctcorrect forfor driftsdrifts

ThereforeTherefore:: check check sensetivitysensetivity on on changeschanges of of apparatusapparatus parametersparameters

 phasephase fluctuationsfluctuations areare dominateddominated byby statisticsstatistics..
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methodsmethods

• DNP: dynamic nuclear polarisation

• why deep temp.: - polarisation
- frozen spin-mode no cross and „normal“ spin-

relaxation

• selectively destroyable nuclear-polarisation via RF-pulses (AFP) help
to measure φ*p+d, φ*d, φ*p and φ*0

• the relative phase of the spinflippers is stabilized better than …
0.04° - amplitude better than 0.15%.
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Frequency  [MHz ]

72.780 72.785 72.790 72.795 72.800
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11000

Kryohight = 3.2 mm
Kryohight = 5.9 mm
Kryohight = 7.0 mm

cryoheightcryoheight = 3.2 mm = 3.2 mm 
cryoheightcryoheight = 5.9 mm = 5.9 mm 
cryoheightcryoheight = 7.0 mm= 7.0 mm

measuremeasure at different at different targettarget spotsspots

nn
ØØ~2mm~2mm

cryostatcryostat

ResultsResults:: -- pseudomagnetcpseudomagnetc shiftshift isis approxapprox. . equalequal at at eacheach targettarget spotspot

-- meanmean polarisationpolarisation overover thethe samplesample isis equalequal, , butbut thethe
inhomogeneityinhomogeneity cancan varyvary

fullyfully pol. pol. samplesample
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interestinginteresting

PotentialPotential--modelsmodels forfor nucleinuclei havehave no real no real predictivepredictive powerpower and and 
needneed an an enormousenormous amountamount of of inputinput parametersparameters. . EE.g.g. . modern 
NN-potentials fail to describe 3-nucleon observables.

[H. [H. WitalaWitala et al., et al., PhysPhys Rev. C Rev. C 6868, 034002 (2003)], 034002 (2003)]
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…… thethe ndnd--teamteam ……


