
1,2L.Wang, 1W.Meyer,  

1Ch.Hess, 1E.Radtke, 1A.Berlin, 1J.Herick, 1G.Reicherz,  

1Institut of Experimental Physics AG I, Ruhr-University Bochum, Bochum, D-44780, Germany  

2Physics Department, School of Science, Donghua University, Shanghai, 200051, China 

3N.Doshita, 3K.Kondo, 3T.Iwata,  

3Physics Department, Faculty of Science, Yamagata University, Yamagata, 990-8560, Japan 

4N.Horikawa 

4College of Engineering Chubu University, Kasugai, 487-850, Japan 

High deuteron polarization in polymer target 

materials 

Li Wang                                                                                                         Yamagata,  Oct.2011 



Content 

1. Dynamic polarized solid target (DNP) for particle physics 

experiments  

 

2. The trityl radicals – progress for deuterated target materials 

 

3.  D-polymer materials: CD2  and C8D8 

 

4.  The Bochum DNP-apparatus  

 

5.  ERP investigation and Polarization results for  

       — radiation doped         CD2 

       — trityl radical doped    C8D8 

 

6.  Conclusion  and  outlook 



Polarized Solid 

Targets 
• Used in high energy particle physics experiments for studying the nucleon                     

structure since about 50 years   

• Present target materials for high energy spin physics experiments: 

NH3                    COMPASS experiment at CERN (160-190GeV) 

6LiD                   COMPASS experiment at CERN (160-190GeV) 

CH2 , CD2          GDH experiment in SPRING-8 

Butanol              Experiments at ELAS (Bonn < 3.0GeV) and 

D-butanol          MAMI (Mainz < 1.5GeV) accelerators  

 • Physics observable determined by single or double asymmetry measurements A 
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• Thermal Equilibrium (TE) 

• Dynamic Nuclear Polarization (DNP)  

• Doping with paramagnetic electrons: 

  Transfer of polarization from paramagnetic electrons    

      to the nuclei 

~ 103 nuclei feeded by 1 unpaired electron from: 

  Chemically stable radical        Solids 

  Radiation induced defects       Solids 

The Principle of Dynamic Nuclear Polarization 
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 Parameters of DNP: temperature; magnetic field; microwave 

power; electron relaxation time;  the relation of EPR linewidth and 

nuclear Larmor frequency… 

In the 1970    already  80-90% in protonated materials 

Until  2003                   40-50% in deuterated materials   



                            The Trityl Radicals 

                                     — Important Progress for Deuterated Materials 

W.Meyer, et al., NIM A 631 (2011) 1-5  

Citation : J.H. Ardenkjaer-Larsen, private communication  

Finland D36’(AH110355 

deutero acid form)used 
for butanol-d10 

Ox063(AH100136 
sodium salt)used 
for propandiol-d8  

Ox063Me (AH 111 501 
sodium salt) used 
for pyruvic acid  

Deuteron : up to 79% 

at 150mK/2.5T  

13C:  up to 74% at 

900mK/5.0T 

Deuteron: up to 81% 

at 150mK/2.5T  



Important parameter: ESR  linewidth  and  shape  

  Zeeman Energy of a free electron 

 Contributions to the Electron Zeeman linewidth 

Z e BE g S B  

Dipol-Dipol  interaction             between electrons       

Hyperfine interaction                 magnetic nuclei             indep. of B0                           

g-factor anisotropy                    crystal  field                    dep. of B0                                          

Hom. 

Inhom. 

Inhom. 

    Try to minimize the energy spread  

•    Find a suitable doping method  

•    Try radiation doping if only low μ nuclei present                    
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Material Radical g/g [10–3] FWHM [mT] 
at 2.5T 

PD,max [%] 

Bochum measurement   

J. Heckmann, et al., Phys. Rev. B 74 (2006) 134418.  

Result:  The smaller the EPR linewidth, the higher the deuteron 

polarization value 



• Deuteron with rather small gyromagnetic ratio 
Thermal Mixing is DNP mechanism for deuteron enhancement 

Three spin exchange 

process:  

EZS-EDS-NZS 

The smaller EPR linewidth , the higher polarization 

             The Spin Temperature Theory 
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Introduction  to  D-polymer materials 

dilution factor 

 Styrene-D8, polymerized   C8D8 

Poly(Ethylene-D4)      CD2  
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• Merits of CD2, C8D8 

 

  Motivation  to use  D-polymer materials 

   Thin targets for scattering experiments at low energies 

   Polarized scintillator targets 

1.  D-polyethylene CD2 :  Paramagnetic Center---Irradiation  

     35% at 6.5T/1K    

     D.G.Crabb, Nucl. Instr. and Meth. A 526, 56 (2004) 

2.  D-Polystyrene C8D8 : Paramagnetic Center---D-TEMPO 

     40% at  2.5 T/100mK     

     B.van den Brandt,et al., Nucl. Instr. and Meth. A 526, 53 (2004) 

 

• Spin physics  

1.    High purity of D  0.98, 0.99  
2.    D with spin 1 and C with spin 0 

3.    Easy  formable to any thickness at room temperature 

• Up to now the maximum polarizations of D-polymer 



         Doping methods for DNP  

 

Melting point  36ºC                 

Boiling  point  67ºC 

Paramagnetic center  for DNP 

   Irradiation with  electron beam   

 Mechanism of Dynamic Nuclear Polarization              

Paramagnetic centers are needed 

 Chemical (Tempo, Trityl radical)  doping  

      Tempo (stable free radical ) 



Radiation-doping of CD2  foil 

 
 Find an optimal radiation dose 

   7MeV electron beam   (Osaka Uni.)                                        

7      beam spot      ø60mm×20mm                 

   Irradiation dose     ~1014 - ~1017e-/cm2 

   Irradiation at liquid Nitrogen 77K   

   CD2 foil       thickness     40 μm                                   

d                       density        0.93 g/cm3  
 

 



         The Bochum EPR Apparatus  



       The Bochum DNP Apparatus  Magnet+cryostat 



According to HFS, 6-line pattern  

   conresponds to 5 adjacent  H,    0          

  m=     

 EPR spectra of irradiated CH2 and CD2 at 77K 

Alkyl-radical 
5 3 1 5

, ,
2 2 2 2
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           EPR spectra of Radiation-doped  CD2 

According to HFS, 11-line pattern corresponds to 5 adjacent  D,         0         

 

Dα =0.485 mT(1D);  

Dβ =0.480 mT(4D) 

D(FWHM)=3.0±0.2 mT 



Polarization of radiation-doped CD2 

NMR   Signal  of  Deuteron 

MW power:  

70 GHz IMPATT diode, 150 mW  

-31% 



 Introduce Finland D36 Radicals in C8D8 

43.0 10
g

g




         Preparation of trityl radical in D-Polystyrene  

g-factor anisotropy:  

Homogenous and transparent 

foil ( 70μm) 



Polarization of Finland D36-doped C8D8 
  

1K/5.0T 



Polarization of Finland D36-doped C8D8 
  

PT= - 61.5% 



Conclusion & Outlook 

1. Irradiated D-polyethylene  with a relative high dilution 

factor  can be polarized to more than 30% at 

2.5T/150mK. The produced paramagnetic  centers  

have hyperfine interaction with the 5 neighboring 

deuterons.  

2.  Chemically doped D-polystyrene with a trityl radical 

can be polarized to more than 30% at 5.0T/1K and 

60% at 5.0T/400mK within several hours. But the  

dilution factor is much lower than that of D-

polyethylene. 

3.  An approach for D-polyethylene with trityl radical 

doping is needed.  



Thanks for your 

attention! 



Deuteron Polymer Polarization 
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Dipolar Coupling 
Positive      Negative 

B = 2.5 T 

The Solid State Effect 



EPR spectra of Finland D36-doped  C8D8 

X-band   Bolometric 

 

1.   dissolve C8D8  polymer in toluene  

2.   dissolve Finland D36 in isobutanol  

3.   mix and evaporate solvents 

 Introduce Finland D36 Radicals in C8D8 



Polarized target system 

 Cooling system     ~ 100mK     

 Magnet system   2.50T  

C-yoke normal conduction magnet             (JM-

611made by JEOL) 

homogeneity:  

      2×10-4  (ø70mm×25mm)  

 Microwave system  70GHz  

Oscillator: 68.5GHz-71.5GHz   150mW  

 (IMPATT- 47134H-1115 made by HUGHES) 

 NMR measurement system 

Larmor frequency of D: 16.35MHz 

Digital Synthesizer: 1MHz-250MHz            

Accuracy: 0.1MHz 

(PTS250 made by PTS inc.) 

L=590nH  



         ESR  linewidth  and  shape  

  Zeeman Energy of a free electron 

 Contributions to the Electron Zeeman linewidth 

Z e BE g S B  

Dipol-Dipol  interaction             between electrons       

Hyperfine interaction                 magnetic nuclei             indep. of B0                           

g-factor anisotropy                    crystal  field                    dep. of B0                                          

Hom. 

Inhom. 

Inhom. 

    Try to minimize the energy spread  

•    Find a suitable doping method  

•    Try radiation doping if only low μ nuclei present                    
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Solid Effect (SE)     

Cross effect (CE)  

Thermal mixing (TM) 

 

δ a homogeneous EPR linewidth 

Δ an inhomogeneous EPR linewidth   

 ω0I the nuclear Larmor frequency   

             DNP     Mechanism CW&B 5T

Depend on the relationship of δ, Δ and ω0I 
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Contributions to the Electron Zeeman linewidth 
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• 13 C                                               

Polarized Deuteron Targets 

Materials 



 Trityl radical as dopant  for D-Butanol  

Boiling  point  

>200ºC 

Very stable radical 

         Introduce Trityl radical 

Weak g-factor  anisotropy  in D-Butanol 


