
SPIN and SPINSPIN and SPIN––OFFOFF
from Particle Physics from Particle Physics to Medical Applicationsto Medical Applications

YamagataYamagata, , FebrFebr. 29, 2008. 29, 2008

W. MeyerW. Meyer
Ruhr-Universität BochumRuhr-Universität Bochum

(Germany)(Germany)



What is a Element(What is a Element(ary ary Particle) ?Particle) ?

~ 450BC. Demokrit~ 450BC. Demokrit : : atom atom ((not divisiblenot divisible))
~ 350BC. Aristoteles~ 350BC. Aristoteles : : earthearth, , waterwater, , airair, , firefire
since since 1869 1869 MendelejewMendelejew : : chemical periodic system chemical periodic system of of the elementsthe elements
                       with    with ��~ 1~ 100 00 atoms atoms (H; O; He;...)(H; O; He;...)

                                                                                                    neutrino neutrino νν :  : structurelessstructureless
4 4 particles neededparticles needed, to , to build build up up ordinary ordinary matter: matter: 
electronelectron; ; up-quarkup-quark; ; down-quarkdown-quark; ; neutrinoneutrino

atom
10–10m

nuclei
charge
10–15m

proton
neutron

structureless
quark

electron charge
structureless



Characterizing of ParticlesCharacterizing of Particles
((world world of infinite of infinite smallnesssmallness))

➣➣  mass  mass  mm

➣➣  charge  charge  qq

➣➣  spin spin ((angular momentumangular momentum)  s)  s

etc.etc.          

mmelectronelectron  = 10= 10-30 -30 kg = 0.5 MeVkg = 0.5 MeV

qqelectronelectron  = 1.6 · 10= 1.6 · 10-19-19  CbCb

sselectronelectron  = 1/2 = 1/2 hh



Study of the Particle WorldStudy of the Particle World
((MicrocosmosMicrocosmos))

      ➣➣ Scattering experimentsScattering experiments
        i.e. i.e. bombardment bombardment of of the objects the objects of of study study ((bacteria bacteria 

nuclei nuclei   protonsprotons) ) with beams with beams (light (light   electrons electrons etc.)etc.)

      ➣➣ detection detection of of scattered particles scattered particles and and newly formed newly formed particlesparticles
with special designed detectors (e.g. COMPASS-spectrometerwith special designed detectors (e.g. COMPASS-spectrometer
at CERN)at CERN)



de de Broglie Broglie Equation (1924)Equation (1924)

particles have wave characterparticles have wave character

    i.e. i.e. particles with small wavelength particles with small wavelength λλ  have have high high energyenergy
((visible visible light light   x-rays x-rays   γγ-rays-rays))

E = h · E = h · νν

E E ≈≈  hh
λλ



GenerallyGenerally::
the higher the beam energy or the smaller the wavelengththe higher the beam energy or the smaller the wavelength, , thethe
more structural detailsmore structural details can be resolved can be resolved

λλvisible visible light light = 5 · 10= 5 · 10-7-7mm λλ = 10 = 10––1616mm

                E = 2                 E = 2 eV            eV            ⇒⇒  E > 10E > 1099  eVeV

light microscope

bacteria proton

⇒⇒  high energy acceleratorshigh energy accelerators

E E ≈≈  hh
λλ



SPINSPIN

➣➣  fundamental   fundamental property property of all of all elementary particleselementary particles

➣➣    originorigin: : unknownunknown

➣➣    ordering principle  ordering principle  (4. (4. quantum number characterizing the atom build-upquantum number characterizing the atom build-up;;
        spin spin 1/2-fermions; 1/2-fermions; spin spin 1-bosons)1-bosons)

➣➣    origin for microscopic quantities origin for microscopic quantities e.g. e.g. magnetizationmagnetization
            ⇒⇒  MMagnetic agnetic RResonance esonance IImaging maging ((MRIMRI))
           (           (nuclei spin resonancenuclei spin resonance))



Spin as Spin as ‘‘Intrinsic PropertyIntrinsic Property’’
HistoricalHistorical::  SPIN was a major complication at theSPIN was a major complication at the  description of the fundamental lawsdescription of the fundamental laws

DIRAC equation    DIRAC equation    …….    elegant description of.    elegant description of
(i(ihh∇∇  –– mc)  mc) ψψ = 0            a free Spin 1/2-particle = 0            a free Spin 1/2-particle
with the electromagnetic field with the electromagnetic field ⇒⇒
Basis for QED Basis for QED –– calculable THEORY calculable THEORY
Unsurpassed success of Theory + Experiment: (g-2)Unsurpassed success of Theory + Experiment: (g-2)e,e,µµ

1928   :1928   :
Thomas precession    Thomas precession    …….    correct relativistic calculation.    correct relativistic calculation1926   :1926   :
Hypothesis of Hypothesis of ´́intrinsicintrinsic´́ SPIN   SPIN  …….  Uhlenbeck+Goudsmith.  Uhlenbeck+Goudsmith1925   :1925   :
PAULI PRINCIPLE    PAULI PRINCIPLE    …….    Spin/Statistics laws.    Spin/Statistics laws1925   :1925   :
Classical laws unable, to describe atomic systemsClassical laws unable, to describe atomic systems19201920’’s:s:
Kepler-laws    Kepler-laws    …….    Conservation of angular momentum.    Conservation of angular momentum1609   :1609   :

+ 5 Vectorbosons+ 5 Vectorbosons19801980’’s:s:
3 families of Quarks + Leptons3 families of Quarks + Leptons19701970’’s:s:

Today: Standard ModelToday: Standard Model
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Concept: Spin     Angular MomentumConcept: Spin     Angular Momentum^̂==

Picture:Picture:    Particle with SPIN, that rotates around its center of gravityParticle with SPIN, that rotates around its center of gravity
Precise description:Precise description:  Only in the framework of quantum mechanicsOnly in the framework of quantum mechanics

e. g.e. g. for electron, proton, neutronfor electron, proton, neutron
(Spin 1/2 - particles) 2 discrete numbers(Spin 1/2 - particles) 2 discrete numbers

    in a magnetic field (orientation quantization,in a magnetic field (orientation quantization,
   energy quantization)   energy quantization)

Particles with Spin can be manipulated with magnetic fieldsParticles with Spin can be manipulated with magnetic fields
(analogy: magnetic needle (compass) in the earth magnetic field)(analogy: magnetic needle (compass) in the earth magnetic field)

B-magnetic
field

W. Pauli was against the picture of a rotating electronW. Pauli was against the picture of a rotating electron          
””It took quite a while, until N. Bohr was successfully, to convince his very critical It took quite a while, until N. Bohr was successfully, to convince his very critical 
  pupil (W. Pauli) from the ingenuity of this new concept.  pupil (W. Pauli) from the ingenuity of this new concept.””
(Phys.-Blätter, April 2000)(Phys.-Blätter, April 2000)



PolarizationPolarization
= = Orientation Orientation of Spins in a of Spins in a magnetic fieldmagnetic field

Without magnetic field:Without magnetic field:
Randomly orientated spinsRandomly orientated spins

With magnetic field:With magnetic field:
Orientation of spinOrientation of spin

All Spins in magnetic field direction : 100 % PolarizationAll Spins in magnetic field direction : 100 % Polarization
Change of polarization (e.g. destruction by HF-field) = energy change in theChange of polarization (e.g. destruction by HF-field) = energy change in the
spin system measured by the spin system measured by the NNuclei uclei MMagnetic agnetic RResonance (esonance (NMRNMR) method) method

⇒⇒ ´visibility` of the ´visibility` of the
     particles with spin     particles with spin
         (mainly protons) (mainly protons)
          by by MMagneticagnetic
          RResonance esonance IImagingmaging
         ( (MRIMRI))

⇒⇒ resonance signal resonance signal

6Li
D



Dream:Dream: 100% polarization of a Spin ensemble  100% polarization of a Spin ensemble 
In reality not so easy to realizeIn reality not so easy to realize
Interplay betweenInterplay between
     polarizing force      polarizing force =     magnetic field B=     magnetic field B
              and              and
  depolarizing force  depolarizing force =     thermal motion of Spin particles =     thermal motion of Spin particles 

       (temperature T        (temperature T –– relaxation) relaxation)

^̂

^̂

Examples:Examples:
    B = 10    B = 10-5-5 Tesla Tesla (earth magnetic field)(earth magnetic field)
    T = 25° Celsius    T = 25° Celsius (room temperature)(room temperature)

    B = 5 Tesla    B = 5 Tesla (superconducting magnets)(superconducting magnets)
    T = -273° Celsius    T = -273° Celsius (refrigerators) (refrigerators) 

    B = 1 Tesla    B = 1 Tesla (superconducting magnets)(superconducting magnets)
    T = 37° Celsius    T = 37° Celsius (body temperature)(body temperature)

P =   10P =   10-12-12%%

P = 100%NMR (P = 100%NMR (particle physicsparticle physics))

P =   10P =   10-8-8% MRI (% MRI (medicinemedicine))



SPIN SPIN –– OFF OFF

Proton, Proton, 33He-densityHe-density
RelaxationsRelaxations

←← Parameter  Parameter →→Proton, Proton, 33He-densityHe-density
RelaxationsRelaxations

Local information byLocal information by
MMagnetic agnetic RResonance esonance IImagingmaging
(MRI)(MRI)

DetectionDetection
signalsignal

Polarization degree byPolarization degree by
NNuclear uclear MMagnetic agnetic RResonanceesonance

(NMR)(NMR)

Picture from parts of thePicture from parts of the
human bodyhuman body

←← Goal  Goal →→Spin structure of protonsSpin structure of protons
and neutronsand neutrons

Objects of informationObjects of information
protons (standard), protons (standard), 33HeHe
e.g. He.g. H22O in body tissueO in body tissue

←← Spins  Spins →→
Subject of studySubject of study

protons, neutronsprotons, neutrons
e.g. Ce.g. C44HH1010O (~ 5 x HO (~ 5 x H22O), O), 33HeHe

MMagnetic agnetic RResonanceesonance
TTomograph (omograph (MRTMRT))

←← Apparatus  Apparatus →→Polarized TargetPolarized Target

Lung diagnosticsLung diagnostics
(Medicine)(Medicine)

Elementary Nuclei spinElementary Nuclei spin
(Elementary particle physics)(Elementary particle physics) ⇒

←← →→



Particle PhysicsParticle Physics
Goal: ExperimentGoal: Experiment

Nucleons and nuclei bombarded withNucleons and nuclei bombarded with



Particle PhysicsParticle Physics
Goal: Goal: TheoryTheory

Understanding of the material structure by means ofUnderstanding of the material structure by means of

QCD,QCD, which has problems at the description of the
Quark-Gluon-Dynamics in the confinement
region (several GeV; αs strong)

many modelsmany models

systematic experimentalsystematic experimental
researchresearch



Possible solution: Study of excited resonant states of the nucleonPossible solution: Study of excited resonant states of the nucleon

HydronHydron
ττ  ~ 10~ 10––88 s s

ΔΔE E ~ 10~ 10––66 eV eV

NucleonNucleon
ττ  ~ 10~ 10––2323 s s

ΔΔE E ~ 200 MeV~ 200 MeV

Reaction for the study of excited nucleon stateReaction for the study of excited nucleon state
e.g.  Bonn (2.5 GeV electron synchrotron)e.g.  Bonn (2.5 GeV electron synchrotron)
        INS         INS (1.4 GeV electron synchrotron)(1.4 GeV electron synchrotron)   Nagoya activities Nagoya activities

γγN N →→  ππNN Pion Photo productionPion Photo production



Experimental progress in theExperimental progress in the  GeV-regionGeV-region  by new facilities:
COSY ; ELSA ; MAMI ; SPRING8 ; TJNAF ...COSY ; ELSA ; MAMI ; SPRING8 ; TJNAF ...

with awith a big SPIN program big SPIN program
and at higher energies upgraded facilities for SPIN Studies SPIN Studies

Structure Studies :  Structure Studies :  –– meson production meson production
          –– resonance excitation resonance excitation

        ––  threshold behaviourthreshold behaviour
        ––  form factorsform factors
        ––  structure functionsstructure functions
        ––  spin dependencespin dependence
        ––  sum rulessum rules

1. Step : 1. Step :   Measurements of Cross-SectionsMeasurements of Cross-Sections
        but :        but :  Averages of many pure Averages of many pure 
          SPIN Cross-SectionsSPIN Cross-Sections

RHIC startedRHIC started——BNLBNL
HERMES finishedHERMES finished——DESYDESY
SMC finished; COMPASS runsSMC finished; COMPASS runs——CERNCERN
1990 - 19961990 - 1996——SLACSLAC



Experiments: Experiments: ‘‘ComposedComposed’’ Spin Spin

Studies of SPIN effects Studies of SPIN effects ⇒⇒
POLARIZATION-EXPERIMENTSPOLARIZATION-EXPERIMENTS

Renaissance:Renaissance: improved polarization techniques forimproved polarization techniques for
beams & targetsbeams & targets

Key experiments at CERN, SLAC, DESYKey experiments at CERN, SLAC, DESY
Deep inelastic polarized Lepton-Nucleon scatteringDeep inelastic polarized Lepton-Nucleon scattering

– Interaction is spin dependent
   e.g. Proton-Neutron coupling
          to I = 1 (Deuteron)
          no Di-Proton ; Di-Neutron

 

   e.g. Baryonresonanz Δ
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–  Bjorken Sum Rule (1966)

–  Gerasimov-Drell-Hearn (GDH) Sum Rule (1965)
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Solution  :Solution  :
––    Highly polarized electron beamsHighly polarized electron beams: : PPee  ~ 80% (SLAC, Nagoya)~ 80% (SLAC, Nagoya)
––  High   High density density and and highly polarized highly polarized 33He-gas He-gas targetstargets: : PPHeHe  ~ 50% (Mainz, Princeton)~ 50% (Mainz, Princeton)
––  New solid   New solid target materials with target materials with high high radiation hardnessradiation hardness: NH: NH33, ND, ND33,, 6 6LiDLiD  (Bonn, Bochum)(Bonn, Bochum)
––    Highly polarized Highly polarized H and D gas H and D gas target cells target cells (Erlangen, Wisconsin)(Erlangen, Wisconsin)
––  Solid   Solid target target & & 44ππ-detection -detection (Bonn, Mainz, Nagoya)(Bonn, Mainz, Nagoya)
––    Highly polarized Highly polarized solid solid deuteron targets deuteron targets (Bochum)(Bochum)

90‘ due to technical difficulties
 experimentally not tested

2 Sum rules2 Sum rules as motors for the development as motors for the development
of of Pol. TargetsPol. Targets &  & Pol. BeamsPol. Beams



 Marriage of polarized solid target and 4 Marriage of polarized solid target and 4ππ-particle detection -particle detection (Bonn)(Bonn)

Frozen Frozen Spin Spin Target Target (GDH - Mainz, Bonn)(GDH - Mainz, Bonn)

0.64T 0.64T magnetic magnetic ‚‚holdingholding‘‘  coilcoil



ResultsResults: GDH : GDH Sum RuleSum Rule
–– GDH  GDH sum rule sum rule at at the protonthe proton    
–– Additional  Additional results for results for double double polarization observable polarization observable in in single single andand
      multiple multiple pion photoproduction pion photoproduction →→  laterlater

–– GDH  GDH sum rule sum rule at at the neutronthe neutron 0.8 0.8 GeV GeV (Mainz)(Mainz)
0.8-1.8 0.8-1.8 GeV GeV (Bonn)(Bonn)

<<



Target Asymmetry MeasurementsTarget Asymmetry Measurements: : y-Polarizationy-Polarization
1975 (Bonn) 1975 (Bonn) –– spectrometer acceptance < 5msr spectrometer acceptance < 5msr

1992 (Bonn) 1992 (Bonn) –– detector acceptance  detector acceptance ≈≈ 1sr 1sr γp↑ → π+n
216 data points
270MeV < Eγ < 800MeV
γp↑ → π0p
52 data points
272MeV < Eγ < 573MeV

θCMS = 35°–135°

B

B

Phys. Lett. 63B(1976)107

Nucl. Phys. A601, 319, 1996



Double Double Polarization MeasurementsPolarization Measurements: : z-Polarizationz-Polarization
1998 1998 ––  44ππ-detection-detection

> 2007 > 2007 ––  44ππ-detection + p (p-detection + p (pxx, p, pyy, p, pzz))

GDH-measurementsGDH-measurements
in Mainz and Bonnin Mainz and Bonn

Complete exp.Complete exp.
γγN N →→  ππNN

BB

→→

internal superconducting saddle coil

BB

Phys. Rev. Lett. 87, 022003, 2001
Phys. Rev. Lett. 91, 192001, 2003



Finally, there is a GoalFinally, there is a Goal

Advantages:Advantages:

Difficulties:Difficulties:

–– high beam intensities tolerable < 5nA at high polarization high beam intensities tolerable < 5nA at high polarization
–– more smooth data taking periods (no interruption by  more smooth data taking periods (no interruption by 
   me   mechanical chanical manipulations)manipulations)

–– magnet field homogeneity < 10 magnet field homogeneity < 10––33 for proton targets (1. step) for proton targets (1. step)
–– high current input in  high current input in 33He/He/44He refrigerator > 100A for > 1.5THe refrigerator > 100A for > 1.5T



Results Results (CERN, SLAC, DESY)(CERN, SLAC, DESY)
from deep ineleastic polarized lepton-nucleon scatteringfrom deep ineleastic polarized lepton-nucleon scattering
(a) (a) Bjorken sum ruleBjorken sum rule  

(b)(b)

photon-gluon fusionphoton-gluon fusion: COMPASS at CERN: COMPASS at CERN
            ΔΔG/G = G/G = small small ((preliminarypreliminary))

LLqq  →→  experiments planned experiments planned 

transversity measurements transversity measurements →→  experiments doneexperiments done

––

––

––

––

1
2

1
2

≈≈ 0.3 0.3

SSnucleonnucleon  =      =      =      =      ΔΣΔΣ   +      +   ΔΔG   +   G   +   LLqq      +   +   LLgg  

contributions fromcontributions from:: Quark Quark spinspin Gluon spinGluon spin angular   momentumangular   momentum
Quark  Quark                    GluonsGluons

Spin-Puzzle



COMPASS Experiment at CERNCOMPASS Experiment at CERN
          Beam:    2.8 · 10          Beam:    2.8 · 1088  µµ++/spill (4.8s/16.2s)/spill (4.8s/16.2s)   Luminosity:    Luminosity:    ~5 · 10~5 · 103232 cm cm––22  ss––11

                    160 160 GeV/cGeV/c                           Polarization:    Polarization:     Beam:  Beam: ––76%76%
         Target:             Target:    66LiDLiD                   Target: 51%Target: 51%



COMPASS Target Equipment at CERNCOMPASS Target Equipment at CERN



COMPASS COMPASS Target Target at CERNat CERN

(Bochum, (Bochum, SaclaySaclay, , YamagataYamagata))

P      = 51%P      = 51%    66LiDLiD

4 possible target spin combinations4 possible target spin combinations
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Deep inelastic scattering Deep inelastic scattering on on polarized polarized DeuteronsDeuterons



Polarized Polarized NeutrontargetNeutrontarget
➣➣ Deuteron as Spin 1-particle Deuteron as Spin 1-particle

➣➣  33He as Spin 1/2-particleHe as Spin 1/2-particle
    

33He-gas highly He-gas highly polarizable polarizable (P (P ~ 50%~ 50%) ) 
by means of dynamic methods (laser)by means of dynamic methods (laser)

  at room temperature (300 K)at room temperature (300 K)
  and small magnetic field (1 and small magnetic field (1 mTmT))
  in glass cellsin glass cells

     Deep inelastic scattering experiments e.g. at SLAC     Deep inelastic scattering experiments e.g. at SLAC

polarized
3He easily
transportable



Modern Modern LungdiagnosticsLungdiagnostics
AirAir   (77%  (77% nitrogennitrogen
            21% 21% oxygenoxygen       no no MRI-signalMRI-signal
                  2% +2% +argonargon, , 44He ...)He ...)

Question:Question: Information about lung and its Information about lung and its ´airchannels´´airchannels´
pulmonary alveoli  (about 400 millionpulmonary alveoli  (about 400 million

                diameter: 0.2 mmdiameter: 0.2 mm
                area: ~10 marea: ~10 m22))

Inhale polarized  Inhale polarized  33He-gas as patient in a He-gas as patient in a MRI-tomographMRI-tomograph
                    ➥➥  33He-MRI He-MRI ⇒⇒ picture of lung picture of lung

magnetic coil

B→

pol.
3He



MRI-Picture of LungMRI-Picture of Lung

Hydrogen (Hydrogen (11H)H) 33HeliumHelium

Heidelberg, Nov. 1995Heidelberg, Nov. 1995



Polarized Target Materials by DNPPolarized Target Materials by DNP

Materials andMaterials and
chemical compositionchemical composition

ButanolButanol
CC44HH99OHOH

AmmoniaAmmonia
1414NHNH33, , 1515NHNH33

66LiDLiD

D-ButanolD-Butanol

DopantDopant
and and methodmethodaa

EHBA Cr (V)EHBA Cr (V)
ChCh

NHNH22
IrIr

F-centerF-center
IrIr

Finland D36Finland D36

NucleonsNucleons
% by weight% by weight

13.513.5

17.5, 16.617.5, 16.6

5050

23.823.8

B/TB/T
Tesla/KTesla/K

2.5/0.32.5/0.3

5/1.05/1.0

2.5/0.22.5/0.2

2.5/0.22.5/0.2

PolarizationPolarization
%%

±93±93

+97+97
––100100

±57±57

±79±79

CharacteristicCharacteristic
flow 10flow 101414

particles/cmparticles/cm22

3 3 –– 4 4

70, 17570, 175bb

400400

not measurednot measured

PolarizablePolarizable RadiationRadiation

··

a Ch: chemically doped, IR: doped by irradiation
b In NH3 there are two distinct regions of decay

Commonly used in particle physics experimentsCommonly used in particle physics experiments



DNP forDNP for

Particle physicsParticle physics
Proton (Deuteron) rich materialProton (Deuteron) rich material

(see before)(see before)

polarizedpolarized

at T < 0.2 K (at T < 0.2 K (33He/He/44He)He)
and B = 2.5 T (70 GHz)and B = 2.5 T (70 GHz)

⇓⇓

High polarization (80High polarization (80––100%)100%)
with good polarization resistancewith good polarization resistance

against radiation damageagainst radiation damage

⇓⇓

ExperimentsExperiments  

Medical applicationsMedical applications
1313C-enriched materialC-enriched material

(e.g. urea; (e.g. urea; pyruvic pyruvic acid)acid)

polarizedpolarized

at T = 1.2at T = 1.2––1.3 K (pure 1.3 K (pure 44He)He)
and B = 3.5 T (98 GHz)and B = 3.5 T (98 GHz)

⇓⇓

Reasonable polarization (40%)Reasonable polarization (40%)

⇓⇓

Fast dissolution of frozen materialFast dissolution of frozen material

⇓⇓

HyperpolarizationHyperpolarization  in liquid statein liquid state
transfered transfered for in vivo studiesfor in vivo studies  

⇒⇒



Adopted innovative TechnologyAdopted innovative Technology

SpinSpin oriented  oriented 1313C-nuclei for medical diagnostics C-nuclei for medical diagnostics 

➤➤ Optimized production path for hyperpolarized Optimized production path for hyperpolarized 1313C-labelled contrast agentsC-labelled contrast agents
Improvement twofold:Improvement twofold:
→→ high degree of polarization gives sufficient time at room temperature high degree of polarization gives sufficient time at room temperature
     for in vivo studies (     for in vivo studies (exponentiell exponentiell decay of nuclei spin polarization)decay of nuclei spin polarization)
→→ transportable  transportable polarizers polarizers for use in medical environmentfor use in medical environment

MRI-magnetMRI-magnet

polarizerpolarizer
(1K; > 2.5T)(1K; > 2.5T)

fast transfer of polarized liquids at room temperaturefast transfer of polarized liquids at room temperature

highly polarized highly polarized 1313C-labelled samplesC-labelled samples

dissolution unitdissolution unit



Even after 45 years ofEven after 45 years of
Dynamic Nuclear Polarized (DNP)Dynamic Nuclear Polarized (DNP)
solid targetssolid targets
in particle physicsin particle physics
the next future will bethe next future will be  brightbright, too, too

enhanced by an immense interestenhanced by an immense interest
for medical and biochemistryfor medical and biochemistry
applications.applications.

All together:All together:


