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Frozen Spin Target for a Cold Neutron Beam
The spin dependent neutron scattering length of the deuteron
Constraints -> Concept & Layout of the Dilution Refrigerator

DNP with Bi- and Tri-radicals – Comparison to Monoradicals
shape of the radicals, doping methods
achieved polarisations
interpretation of the results

Thin Targets for RI beam experiments
technical realisation
recent test results, status
test of principle: Ay of p – 12C reaction

Florian Piegsa
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DNP with Bi- and Tri-radicals
Comparison to Monoradicals
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Structure of the shape-persistent biradicals
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Synthesized and kindly provided by 

A. Godt, Universität Bielefeld, Germany
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IntroduceIntroduce RadicalsRadicals in Polymersin Polymers

bubble free and transparent
homogeneous radical distribution

dissolve polymer in toluene
add free radical
let the toluene evaporate at RT

warm pressingwarm pressing

2 x 18 x 18 mm blocksblocks

1 - 4 h at  100 °C  - 130 °C

by solutionby solution

20 - 40 m thick filmsfilms
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X-Band ESR 
“monoradical” TEMPO vs 3.68 nm Biradical
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DNP DNP ApparatusApparatus
44He cryostatHe cryostat base temperature T ~ 1 K   

cooling power: 10 mW @ 1 K, 100 mW @ 1.2 K
superconducting solenoid Bmax = 5 T
sample change in 15 min

Microwave SourcesMicrowave Sources
impatt diodes: 70 GHz, 98 GHz, 140 GHz
clystron: 98 GHz

Polarisation Measurement
cw-NMR Q-meter system, LabView control program
Polarisation calibrated with thermal equlibrium signal Standard PSI Laboratory Cryostat

Cavity and NMR Coil
(with sample inside)

sample holder
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Inter-Radical distance [nm]
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DNP DNP resultsresults I: I: RadicalRadical ConcentrationConcentration
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Interptretation: TEMPO vs Bi-Radicals

Inter-Radical distance [nm]
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High radical concentration (~ 2 - 4 x 1019 e/cm3)
mean distance between two unpaired electrons in the TEMPO doped samples is 
comparable to the intraradical distance in the biradical doped samples
Pure thermal mixing is observed 
comparable polarisations can be achieved with both types of dopants
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Inter-Radical distance [nm]
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TEMPO doped samples:TEMPO doped samples: maximum achievable polarisation drops rapidly

biradicalbiradical doped samples:doped samples:
pairs of interacting electrons relax a nuclear spin in a three-spin process
electron non-Zeeman reservoir contains contributions from two “interaction systems”: 
1. the dipolar interaction of all electron spins with each other (interradical) 
2. the coupled electrons within the same radical (intraradical)
Two proton Zeeman relaxation times observed in medium doped biradical samples

Lower number of unpaired electrons (~ 2  –> 0.3 x 1019 e/cm3)
inhomogeneous broadening of the EPR line  e - e cross relaxation less efficient
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DNP DNP resultsresults II: II: FieldField dependencedependence
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Development of a Dynamically Polarised
Target for RIB-Induced Reactions

J. P. Urrego-Blanco, B. van den Brandt, A. Galindo-Uribarri, 
P. Hautle, J. A. Konter
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Technical Challenges:Technical Challenges:

NMR Coil

Polarised Foil

Superfluid
4He film

Si3N4 Windows
thicknesses between 50-300 nm
low energy losses: < 10 keV for 10 MeV protons

< 270 keV for 60 MeV 12C ions

Minimization of material 
in particle path
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P. Hautle, 3rd EU WS PT for Europe, Rech, Feb 4, 2006

Effect of the Magnetic FieldEffect of the Magnetic Field

Operate Target in FSM

Holding field required

Relaxation Times?
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polarization from 0 % to 60 % in  85 min
-80 % to 80 % in     7 hours

PS based scintillator + TEMPO 2.1019 Spins/cc

P max = +84 / -83 %

Concentration [1019spins/cc.]
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Relaxation at 100 mK
Frozen Spin Mode (FSM)

DNP Results from 5 mm PlateletsDNP Results from 5 mm Platelets

B. van den Brandt, E.I. Bunyatova, 
P. Hautle, J.A. Konter. S. Mango,
Polarized scintillator targets,
Nucl. Instr. Meth. A446 (2000) 592
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Cryostat Design

Coaxial cables
NMR

4He cappillaries

Leak tight
chamber

4He cappillaries

Mixing chamber DR

Dilution Refrigerator

http://.instr.meth.a446
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Beam heating effect

Energy deposited on target by the beam:

Effects of the RI beamEffects of the RI beam

Radiation Damage

Bombardment with heavy ions creates free 
electrons (PM centres)

beam intensity ~ 107 pps @ 80MeV ~ 100 W

Cooling power of the cryogenic
setup has to be determined

Needs investigation

If significant, beam might
scan the target during

experiments

Typical „doping dose“ ~ 1015 e-/cm2

for a 2 mm2 beam of ~ 107 pps

Typical dose attained in > 1000 h
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Summary & Outlook

Film cooling sufficient for DNP of thin 25 μm foils

Vaccum cell with ultra thin Si-Ni foil windows

Leak tightness of windows: different methods are under test 

Construction of Dilution refrigerator with separate 4He cell 
finished -> to be tested

Adaption to the beamline + Detector test: March/April 2006

Proof of Principle: Analysing Power Ay of 12C – p: May 2006
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HighHigh--accuracy measurement of the spin accuracy measurement of the spin 
dependent neutrondependent neutron--scattering length of scattering length of 

the deuteronthe deuteron

TUMünchen CEA Saclay

d

n
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NewNew

Triton Binding EnergyTriton Binding Energy (5 x 107)

Need two independent experimental input parameters
to make predictions on 1% precision level

d

n

NuclearNuclear ForcesForces at at LowLow EnergyEnergy: : DescriptionDescription ??
Potential ModelsPotential Models
no real predictive powerno real predictive power
enormousenormous numbernumber of of inputinput parametersparameters neededneeded

Effektive Field Theories (EFT’s)
SystematicSystematic and model independentmodel independent description
only point likepoint like interactions between nuclei
few few experimental input parametersexperimental input parameters needed

Spin dependent nd-scattering length (6 % !!)
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Neutron Neutron ScatteringScattering LengthLength

Cold neutrons 4 Å ( 5 meV) s-wave scattering
scattering amplitude ff constant

free scattering length [fm]

( )
ikreik r
rfe  




ikreik r
re a 



k 


k


z


( )
2

I Ic i1
a sa Ia


  

 

coherent
(spin independent)

“incoherent”
(spin dependent)

, ,c d 22 i da a a  (J = 1/2 , doublet)

(J = 3/2 , quartet), ,c d
1

4 d2 ia a a 
(Deuteron I = 1)sJ I 

  

I
s



P. Hautle, 3rd EU WS PT for Europe, Rech, Feb 4, 2006

actuallyactually notnot a a newnew ideaidea ……
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[V. Barychevsky, M. Podgoretsky, JETP 20 (1965) 704]

with

MethodMethod: : PseudomagneticPseudomagnetic PrecessionPrecession
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[A. Abragam, G.L. Bachella, H. Glättli et al., PRL 31 (1973) 776]

Polarised Target

Neutrons

B0

φSpin φ
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FrozenFrozen Spin Spin PolarisedPolarised TargetTarget
forfor a a coldcold neutronneutron beambeam

Requirements:
Measure NMR signals of Protons and       
Deuterons with same Q-meter circuit at 
different Field (B = 2.5 T and 0.34 T)
No 3He on the beam path

Solution:
Dilution refrigerator for frozen spin mode 
operation
Target cell separate from DR mixing
chamber
Target samples solid at room temperature

P. Hautle, 3rd EU WS PT for Europe, Rech, Feb 4, 2006

3He /4He

4He

Friction Weld

Saphire Window

Copper

Stainless Steel

Microwaves
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Design of Design of thethe PT PT CryostatCryostat

963

Sintered silver 
Heat exchanger

based on PSI Dilution refrigerator 
(Roubeau type)
• 1 mW @ 100 mK
• 50 mK base temperature

[B. Van den Brandt et al., NIMA 289 (1990) 526]

P. Hautle, 3rd EU WS PT for Europe, Rech, Feb 4, 2006

LT NMR-ciruit

CC
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cryostatcryostat, , magnetmagnet & & targettarget

BB00

66LiFLiF

targettarget
holderholder
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TargetTarget in in upperupper
beambeam--pathpath

ReferenceReference
beambeam--pathpath
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SummarySummary, Performance of , Performance of thethe CryostatCryostat

Design & construction realised in ½
year

3 Month operation on cold neutron
beam (July – August 2005)
Base temperatures:
Mixing chamer : T = 70 mK
Target cell : T = 80 mK
Heat conductivity of 4He is
responsible for the temperature
gradient not the heat exchanger
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