
Count what is countable, measure what is measurable,  and what is not measurable, make measurable.               -  Galileo Galilei
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Motivation

Cross section ↑ with factor 1.5 at 430keV 
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Leemann Ch et al. 1971 Helv.Phys.Acta 44, p141

~3He+ ~d!4He+ p

~t+ ~d!4He+ n

Increase the gain of nuclear fusion reaction 



What about       
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Increase the gain of nuclear fusion reaction 

~d+ ~d!3He+ n

~d+ ~d!t+ p

?     

No data in the  low energy range 10-100keV 
Theoretical predictions are complicated 
not S-dominated
 P-, D-waves  can not  be neglected    

Motivation
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Motivation

Sum of the independent channel-spin cross sections 

spin configurations
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Motivation

PolFusion experiment
➣ Cross section at low energy
➣ Angular distributions (n reduce
the lifetime of reactor ▻better control)
➣ QSF direct measurements

Sum of the independent channel-spin cross sections 

spin configurations



Experimental setup
Substantial part of the equipment from: 
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POLarized Ion Source

Atom Beam Source 

KVI, Gronningen, 
Netherlands

Ferrara University, 
Italy

Forschungszentrum  
Jülich, Germany

Polarimetry 

Petersburg Nuclear  
Physics Institute, Russia

Central  4π detector 



POLIS 

 8

Ion current at the source up to 20uA 
Stable beam
Ionizer for energy up to 100keV

Current working conditions:
Dissociator power 160-300W
Nozzle T 43-55K
D flow 13-22ccm
Pressure:    Dissociator 8mbar
                 HEX1 HEX2 8e-4mbar/1e-5mbar
                 Ionizer 7e-7mbar
Current HEX1/HEX2 170/150A 
Ionizer Power ~150W 

Ion beam focusing

Solenoid current, A

Io
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rr

en
t, 
μA



ABS 
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Dissociator upgrade
Reflected power decreased from 150W to 3W (@250W)
Nozzle cooling 
Stable temperature down to 55K
Control system
Vacuum system

RF transition units. 



Central 
detector 
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• 4-π detector with 51% filling 
• 576 Hamamatsu PIN-diodes (S3590-09) 
• PIN-diode active area: 1 cm2 

• depleted layer: 300 um 
• energy resolution: <50keV 
• low reverse voltage (<=50V)



Central 
detector 
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Target: deuterated  
      polymethylmethacrylate 
Deuteron beam 15keV ~5uA



Central 
detector 
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Solid target measurements
                            ➣Signal quality

➣Form and sources of
     electronic background

Target: deuterated  
      polymethylmethacrylate 
Deuteron beam 15keV ~5uA



Central 
detector 
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Solid target measurements
                            ➣Signal quality

➣Form and sources of
     electronic background

➣Energy resolution better then 25keV

Target: deuterated  
      polymethylmethacrylate 
Deuteron beam 15keV ~5uA

ADC calibration
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Interaction point

Profiles of  ion and atomic beams

Detector geometry
Primary vertex reconstruction
Kinematics of reaction
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MC 
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~50% of events in detector

Event distributions
                 in space  𝜽 and ϕ 
Acceptance function 

Efficiency

Interaction point
Beam profilestic
Profile of  ion and atomic beams

Detector geometry
Primary vertex reconstruction
Kinematics of reaction
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MC 



Observables

unpolarized cross section

Analyzing powers

Spin-correlation coefficients

⇩
⇩unpolarized cross section

⇩
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Observables

unpolarized cross section

Analyzing powers

Spin-correlation coefficients

⇩
⇩unpolarized cross section

⇩
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H. Paetz gen. Schieck, Eur. Phys. J. A 44, 321-354 (2010)

expressed in Cartesian coordinates



Observables

unpolarized cross section

Analyzing powers

Spin-correlation coefficients

⇩
⇩unpolarized cross section

⇩
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H. Paetz gen. Schieck, Eur. Phys. J. A 44, 321-354 (2010)

�(⇥,�) = �0(⇥)
⇣
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Czz,zz(⇥)pzzqzz

⌘

           Spins of both deuterons are aligned:
Only                and pz, qz 6=0 pzz, qzz 6=0

QSF direct measurements  possible



Observables

Experiments

2H(d,p)3H
2H(d,n)3He σ0

2H(d,p)3H
2H(d,n)3He

Ay
Azz
Axz

2H(d,p)3H
2H(d,n)3He

Czz
Cyy
Czz,zz 
Cy,zz
Cy,xz
Czz,xz

2H(d,p)3H
2H(d,n)3He Py’

2H(d,p)3H
2H(d,n)3He  Kx’x

 Ky’y  19

Unpolarized beam, unpolarized solid target

Unpolarized beam, unpolarised gas target

Polarized beam, unpolarized solid target

Polarized beam, unpolarized gas
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Polarized beam, unpolarized solid target

Polarized beam, unpolarized gas

Double Polarized DD Fusion (PNPI)



Mathematical model 
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Theory.  Partial wave expansion for scattering amplitude  two-body 
reaction with spin 1+1 ⇨1/2+1/2

Differential cross section of the reaction 
with polarized particles: Amplitude:  matrix 4☓9
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Theory.  Partial wave expansion for scattering amplitude  two-body 
reaction with spin 1+1 ⇨1/2+1/2

Differential cross section of the reaction 
with polarized particles: Amplitude:  matrix 4☓9

Factorization using penetrability assumption for energy dependence:

RJs
0
s

l0 l
(E) = C(E)R̂Js

0
s

l0 l
complex partial wave
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Penetrability function 
Energy-independent 

matrix element



Theory.  Partial wave expansion for scattering amplitude  two-body 
reaction with spin 1+1 ⇨1/2+1/2

Differential cross section of the reaction 
with polarized particles: Amplitude:  matrix 4☓9

S→S’

a 0→0 Singlet-singlet         aJl’l

b 0→1 Singlet-triplet         bJl’l

c 1→0 Triplet-singlet        cJl’l

d 1→1 Triplet-triplet        dJl’l

e 2→0 Quintet-singlet     eJl’l

f 2→1 Quintet-triplet      fJl’l

.

.

All states with partial waves up to ℓ=4 taken into account
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6 transitions due to the total spin and orbital angular momenta
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6 transitions due to the total spin and orbital angular momenta

All states with partial waves up to ℓ=4 taken into account
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Minimization procedure
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partial wave analysis 
for two-body reaction

with spin 1+1➝1/2+1/2
(matrix of coefficients)

= .

measured

calculated from model

to be extracted

�2 = ( ~O � [M ]· ~A)TV
o

�1( ~O � [M ]· ~A)

~O [M ] ~A



Minimization procedureScheme Event 
generator

Systematic
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We can take into account all states with partial 
waves up to ℓ=4. 



Scheme

partial wave analysis 
for two-body reaction

with spin 1+1➝1/2+1/2

INPUT from 
experiments

Minimization
 procedure

Event 
generator

Analysis of new 
experimental data

Systematic
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Welton formula
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Welton formula
We can take into account all states with partial 
waves up to ℓ=4. Here  ℓ=2 for comparison with
H.Paetz gen Schieck’s group result. 



Conclusions
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Data on polarized d-d cross sections will provide  usefull and 
expected information in 

nuclear fusion with polarized fuel and astrophysics

The experimental setup  is under construction
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We are looking forward for financial supports
 for hardware and manpower.         

         2 new Phd students started in Summer 2018
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