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Dynamic polarization primer 
•  For DNP, the target material must contain paramagnetic radicals 

(unpaired electron spins) with a concentration ~10-4 

TEMPO 
butanol etc 

ṄH2 
irradiated ammonia 

•  The unpaired electrons are polarized at a low temperature and a high field 
(e.g. 99.8% @ 5T/1K) 

•  Microwaves near the electron resonance frequency (140 GHz @ 5T) are used 
to transfer the electron polarization to nearby nuclei 

•  Nuclear polarization spreads throughout the target sample via spin diffusion 



Dynamic polarization equipment 

Magnet:   2        7 T 

Cryogenics:  0.02         1 K 

Microwaves:  50         200 GHz 

NMR:             10         200 MHz 

DAQ 

Refrigerator 

butanol ammonia lithium hydride 

Proton polarization > 95% 
 

Deuteron polarization up to ~90% 



The first polarized targets, 1953 
•  The first polarized target (as far as I can tell) was 55Mn, polarized by 

to a few percent by brute-force. Used for neutron transmission 
measurements at ORNL. 

Brute force polarization 
•  Maximize Boltzmann population of lowest spin state using a 

high magnetic field and cooling sample to low temperature 
•  Limited to low luminosity, neutral beam experiments 

Some Brute Force 
results from the last 

two decades 

spin 1/2 
P = tanh(µB/kT) Isotope Sample B(T) T(mK) P(%) 

1H TiH2 9.0 12 78 
2H HD 15.0 19 16 

3He solid 7.0 12 38 
27Al metal 9.0 10 49 

93Nb metal 7.0 12 50 



•  Electrons are ~1000X easier to polarize than nuclei, due to their 
higher magnetic dipole moment 

•  1953: Albert Overhauser (Illinois) suggests a method to transfer 
the polarization of conduction electrons in a metal to nuclei  

The beginning of dynamic polarization 

Polarization in 5 T field 

Albert Overhauser, 1925-2011 

DNP 



The beginning of dynamic polarization 

•  The Overhauser Effect in 3 easy steps 

① 

② 

③ 

④ 

1.  Polarize electrons with high field, 
low temperature (only states ① and 
② are populated).  Nuclei are not 
polarized. 

Energy levels for two spin-1/2 
particles in a magnetic field 

electron 

nucleus 



The beginning of dynamic polarization 

•  The Overhauser Effect in 3 easy steps 

① 

② 

③ 

④ 

2. Saturate electron resonance with 
microwaves, hυ = 2µeB 
Equalize populations ①&③ 
 and ②&④ 

① 

② 

③ 

④ 



The beginning of dynamic polarization 

•  The Overhauser Effect in 3 easy steps 

① 

② 

③ 

④ 

3. electron-nucleus interactions induce 
cross relaxation, with ①↔④ ≫ ②↔③.  
② is depopulated in favor of ①.  
 è Positive Nuclear Polarization! 

① 

② 

③ 

④ 

① 

② 

③ 

④ 



•  Initially met with great skepticism by experts in the field  
(Bloch, Rabi, Ramsey …), “The Overhauser Effect” was demonstrated in 
7Li by Carver and Slichter (1953) 

July 27, 1953 
Dear Dr. Overhauser: 
 
    You may recall that at the Washington Meeting of  the 
Physical Society, when you presented your paper on nuclear 
alignment, Bloch, Rabi, Pearsall, and myself  all said that we 
found it difficult to believe your conclusions and suspected that 
some fundamental fallacy would turn up in your argument. 
Subsequent to my coming to Brookhaven from Harvard for the 
summer, I have had occasion to see the manuscript of  your 
paper. 
    After considerable effort in trying to find the fallacy in your 
argument, I finally concluded that there was no fundamental 
fallacy to be found. Indeed, my feeling is that this provides a 
most intriguing and interesting technique for aligning nuclei. 
After considerable argument, I also succeeded in convincing 
Rabi and Bob Pound of  the validity of  your proposal and I have 
recently been told by Pound that he subsequently converted 
Pearsall shortly before Pound left for Europe. 
    I hope that you will have complete success in overcoming the 
rather formidable experimental problems that still remain. I 
shall be very interested to hear of  what success you have with 
the method. 
 
Sincerely, 
Norman F. Ramsey 

The beginning of dynamic polarization 

1994 National Medal of Science 



•  In 1957 Anatole Abragam (Saclay) and Carson Jefferies (Berkeley)
independently suggest to transfer the electron polarization to nuclei by 
driving the cross-relaxing, forbidden transitions directly in dielectric solids 
containing paramagnetic impurities: “The Solid Effect” 

The beginning of dynamic polarization 

Carson Jeffries, 1922-1995 

Anatole Abragam, 1914-2011 



The beginning of dynamic polarization 
•  The Solid Effect relies on 

•  Dipolar interaction µe�µN allows microwaves to flip both electron and nuclear spins  
•  electron relaxation rate ≫ nuclear relaxation rate 

Drive transition ②→③: ν = νe- νN   
Electron relaxes back to state ①  
 è Positive Nuclear Polarization! 

① 

② 

③ 

④ 

Drive transition ①→④: ν = νe+ νN   
Electron relaxes back to state ②  
 è Negative Nuclear Polarization! 

① 

② 

③ 

④ 



•  1962  Abragam, Borghini, et al. build polarized proton target for 
20 MeV polarized proton beam at Saclay 
•  LMN target material: La2Mg3(NO3)12�24H2O doped with Ce3+ 

•  3 x 3 x 0.12 mm 
•  1.3 Tesla and 1.6 K 
•  ~20% polarization 

 

The beginning of dynamic polarization 

•  1963 Chamberlain, Jeffries et al. build polarized proton target 
for 250 MeV pion scattering at Berkeley 
•  LMN target material: La2Mg3(NO3)12�24H2O doped with Nd+ 

•  25 x 25 x 25 mm 
•  0.9 Tesla and 1.2 K 
•  ~20% polarization 

 



The beginning of dynamic polarization 

•  Refinement of LMN targets leads to better polarization (70%), 
through improvements in magnets and cryogenics (Pierre Roubeau),  

   but reveals the limitations of the LMN target material 
•  Very poor dilution factor, ~3% 
•  Very sensitive to radiation damage, ~1012 particles/cm2 

Another problem is the Solid 
Effect, which only works on 
systems with very narrow 
electron spin resonance (ESR) 
lines (rare earth dopants). 

① 

② 

③ 

④ 



•  1960s Michel Borghini develops (with others) a thermodynamic description of 
dynamic polarization in systems with homogeneously broadened electron 
resonance lines (i.e. high density of paramagnetic impurities) 

•  Borghini called this “Dynamic Orientation of Nuclei by Cooling of Spin-Spin 
Interactions” (the DONKEY effect) 

•  Today we call it “THERMAL MIXING” 

The golden era of dynamic polarization 

Michel Borghini, 1934-2012 



The golden era of dynamic polarization 

Electron  
dipole-dipole 

reservoir 

Nuclear 
spin 

reservoir 

Microwaves cool or heat 
the dipolar reservoir to a 

“spin temperature” 
different from the lattice 

temperature  

Thermal contact with 
nuclear spins brings 
them to same “spin 

temperature” 

Thermal contact is provided by a 
three-spin process involving a 

nuclear spin and two electrons with 
different Larmor frequencies:  

νe1 - νe2 = νN  

Thermal Mixing 



The golden era of dynamic polarization 
Materials  tested at CERN   (1965 ~ 1971) 

 M. Borghini,  S. Mango,  O. Runolfsson,  
 K. Sheffler,  A. Masaike,  F. Udo 

Polexiglass 
M-xylol 
Mylar 
C6H5CF3 
Diethylether 
Tetracosane 
Octacosane 
LiBH4 
Cyclododecan 

Palmitin acid 
Polyphene 
Thanol 
Prophlbenzol 
Phenylethylether 
Phenylethyl-alcohol 
NaBH4 
Prehnitene 
Durol 
Dioxan 
Oppanol 
 

Benzene 
Toluene 
Ethanol 
Methanol 
Propanol 
Polyethylene 
Polystyrene 
LiF 
Wax 
Para Wax 
Tetramethylbenzene 
Tritetra-butylphenol 
 
 
 

Benzen + Ether 
Propanol + Ethanol 
Ethanol + Water 
Ethanol + Methanol 
Ethanol + Propanol 
Ethanol + Diethylether 
Butylalcohol + Methanol 
Methanol + Propanol 
NaBH4 + NH4F + NH3 
(CH3)4NBH4 
(CH3CH2)4NBH4 
NH4BH4 
  
 

Anthracene 
Hexanol 
Water 
Propanol 
Methylcyclohexan 
Isodurol 
Tetrahydrofuran 
O-xylol 
2,5 Dimethyltetrahydrofuran 
1-Hexadecarol 

DPPH  PAC  BPA   BPA  TMR  TEMPO 
Violanthrene PB  TMPD  Ziegler  DTBM  Porphyrexide 
Anthracene Na+  PR  Tri-tetra-bythlphenyl 
Tetramethyl 1,3 cyclobutadien  etc. 

…in combination with 
several free radicals… 



The golden era of dynamic polarization 
1970s: Wim de Boer (Borghini’s student)  

•  98% polarization in propanediol doped with CrV radical 
•  Verifies thermal mixing is the spin-transfer mechanism 
•  Long spin lattice relaxation at mK temperatures (1000 hr) 
•  High tensor alignment in deuterated propandiol 

Equal spin temperature in protons and deuterons 

For the next decade, diols and alcohols 
replaced LMN as the standard target material 

•  3-4x  higher dilution factor 
•  100-400x  higher rad. resistance 

 
 



The golden era of dynamic polarization 
 

1970s: Tapio Niinikoski (Borghini’s student)  
•  Builds the first horizontal dilution refrigerator 
•  Builds the first successful frozen spin target (propanediol) 
•  Demonstrates >90% polarization in irradiated ammonia 
 

"FROZEN SPIN"  POLARIZED TARGET 223 

refrigeration has a maximum speed in excess of 
20 mmol/s. 

The requirements of high power and low temperature 
are compatible regarding the efficiency of the heat 
exchanger between the dilute and concentrated streams 
of the dilution refrigerator, but they are often incom- 
patible from the point of view of flow conductances 
in the streams, orifices, and other flow passages. 
Compromises were sought and, for example, the 
minimum circulation was set at 0.7 mmol/s due to 
various heat leaks to the still and the heat exchanger. 

In addition to good operation in the two modes, a 
rapid transition from reversal to holding temperature 
is desirable, in order to minimize polarization and 
running losses. 

Further special requirements are: insensitivity to 
eddy current heating, capability of strong microwave 
exposure in the mixer, vibration insensitivity, target 
loading under liquid nitrogen (LN 2) into the mixer, and 
ability to accomodate at least three coaxial cables from 
ambient onto or into the mixer. 

The target refrigerator is shown schematically in 
fig. 5. It consists of two circuits: a continuous flow 4He 
evaporation refrigerator and the dilution refrigerator. 

The target (T), made of ~1 .5  mm propanediol-Cr v 
beads, is cooled inside the mixer (K) of the dilution 
refrigerator. Fig. 6 shows a photograph of the inside 
part of the refrigerator with the mixing chamber 
dismounted. 

The 4He refrigerator receives liquid helium con- 
tinuously from a 100 1 dewar through a vacuum iso- 
lated transfer tube with one 90 ° bend. The first version 
of this line had a cooled shield, which was later omitted 
as unnecessary because of improved electroplating of 
the inner pipe. The helium is transferred into a small 
annular vessel (A), called separator, the upper part of 
which is pumped along two lines. One of these cools the 
recirculated 3He to 4 K in a countercurrent heat 
exchanger (B), and the other cools two radiation shields 
(C) and (D) in the outer vacuum space. The separator 
pressure is just below the dewar pressure. 

The 4 K helium is directly expanded through a 
needle valve (E) into vessel (F), the evaporator, at 
0.1-4 torr pressure or 1.0-1.2 K temperature. In the 
evaporator there is the condensing capillary (G) for 
recirculated 3He. Another needle valve (H) allows 
helium directly to the nose region for rapid initial 
cooling after loading the target, and, possibly, for 

Fig. 6. Photograph of the refrigerator proper. CERN Frozen Spin Target, 1976 



The golden era of dynamic polarization 
1980s: Irradiated ammonia takes over 

•  Seely:  Radiation damage can be repaired by annealing 
•  Meyer: 90 K irradiation works as well as 1 K 
•  Crabb: 98% at 1K, 5 T 

 
 
 
 

Advantages of irradiated ammonia over alcohols and diols 

Higher dilution factor  NH3:   0.18 
Butanol: 0.13 

Higher rad. resistance  NH3:      1016 particles/cm2 

    Butanol: 1014 particles/cm2 

Ammonia is the most common polarized proton/deuteron 
target material for charged-particle beams 

(And rad. damage is easily repaired!) 



The current era of dynamic polarization 
DNP Targets have been used at labs around the world 

 Saclay   Berkeley  CERN   Argonne 
 Rutherford  Brookhaven  Dubna   KEK 
 SLAC   PSI   LANL   Protvino 
 Mainz   Bonn   TUNL   …  
   

 
 
 

And Halls A, B, and C at Jefferson Lab… 

DNP targets are used with beams of electrons, 
protons, photons, neutrons, muons, pions… 

DNP is normally used to polarize protons and deuterons, 
but it can also be used for 6Li, 7Li, 13C, 14N, 15N, 19F… 



The current era of dynamic polarization 

60 um target for radioactive beams 

1 m long target for muon beams 
(T. Niinikoski on the left) 



The current era of dynamic polarization 



The current era of dynamic polarization 
Two traditional modes of target operation 
1) Continuous polarization (e.g. 5T/1K) for high luminosity 
    (up to 1035 cm-2 s-1)    

 
 
 

5T magnet for Hall A/C polarized target 

Magnet can be rotated to 
provide either longitudinal or 

transverse polarization 



Polarize (+) 

Polarize (-) Take beam 

Take beam 

The current era of dynamic polarization 
Two traditional modes of target operation 
2) Frozen-spin mode (e.g. 0.5 T, 30 mK) for high acceptance, ~4π 

 
 
 

Polarize with a high field solenoid. 
Maintain polarization with a lower 

field solenoid or dipole. 



The current era of dynamic polarization 
A third, hybrid mode of target operation? 
3) continuously polarized 4π target (2 T, 300 mK) 
    expected luminosity, few 1034 cm-2 s-1 

 
 
 In development 

Hartmut Dutz, Bonn University 

dilution refrigerator 



The current era of dynamic polarization 
• DNP is undergoing a “renaissance” in chemistry and biology 
•  It can increase the NMR signal-to-noise by 104 

Advances (of interest) include: 
•  New paramagnetic radicals 

 

Trityl: for low γ nuclei like 
2H, 13C and 15N 

Bi-radicals: increased 
efficiency for thermal mixing 

and the cross effect 



The current era of dynamic polarization 
• DNP is undergoing a “renaissance” in chemistry and biology 
•  It can increase the NMR signal-to-noise by 104 

Advances include: 
•  Powerful microwave sources and waveguides up to 250 GHz (9 T) 
 

Laboratory of Biomolecular Magnetic Resonance, EPFL 



Summary of Dynamic Polarization 
• DNP has been around for six decades, but interest has never 

been higher 
 
• Early research by was driven by nuclear and particle physics 

•  DNP Targets are now “standard” in most nuclear labs 
•  Polarizations close to 100% 
•  Luminosities up to 1035 

 
• Current DNP research by NMR community has already 

benefited polarized targets, expect more to come 
 


