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Polarized Fusion	



• Patterson, R. (2016) World Energy 2016-2050: Annual Report. 
http://peakoilbarrel.com/world-energy-2016-2050-annual-report/
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World Primary Energy Consumption
(Million Tons of Oil Equivalent, 1950-2050)

~ 20 Tw
up to now

Demitriy	
  
Toporkov	
  

today	
  



Fusion Reactors ! Reactions through the low energy tails of J=3/2 
“fusion resonances”  (in the Sun, or by Magnetic or Inertial confinement) 

• Sun’s core peaks at 1.3 keV 

• ITER plasma will peak at  
  ~ 18 keV 
    " “	
  fusion	
  resonances	
  “	
  

Fusion ! an as yet untapped source 



DIII-D 
(San Diego / USA)  

(Cadarache / France)  

research tokamaks ½ GW reactor, 
! under construction @ ~ 40 B 

Fusion ! an as yet untapped source 

•	
  	
  	
  	
  intended	
  fuel:	
  D	
  +	
  t	
  #	
  α	
  +	
  n	
  
	
  
•	
  	
  	
  	
  about	
  180	
  research	
  tokamaks	
  have	
  been	
  built;	
  
	
  	
  	
  	
  	
  	
  there	
  are	
  currently	
  about	
  30	
  in	
  operaCon	
  
! mostly	
  studying	
  D+D	
  reacCons	
  

•	
  	
  	
  	
  quantum	
  leap	
  towards	
  fusion	
  power:	
  
	
  	
  	
  	
  	
  	
   nt.	
   hermonuclear	
   xperimental	
   eactor	
  

 



1.) Can the total cross section of the fusion reactions 
 
be increased by using polarized particles? 

3He + d             4He + p       Factor: ~1.5  at 430 keV 
    
      
         [Ch. Leemann et al., Helv. Phys. Acta 44, 141 (1971)]     

  t + d             4He + n       Factor: ~1.5 at 107 keV 

J = 3/2 +  /  s-wave dominated (> 96%) 

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

Ralf	
  Engels	
  



1.) Can the total cross section of the fusion reactions 
 
be increased by using polarized particles ? 

Yes	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  Energy	
  Produc1on:	
  

	
  

Calcula1ons	
  for	
  ITER:	
   	
   	
   	
   	
   	
   	
   	
  Factor	
  ~	
  2	
  
(MagneCc	
  confinement)	
  
	
  
A.M.	
  Sandorfi	
  et	
  al.;	
  Proc.	
  of	
  the	
  22nd	
  Int.	
  Spin	
  Symp.,	
  
University	
  of	
  Illinois,	
  Urbana	
  IL,	
  Sept	
  25-­‐30,	
  2016.	
  
	
  
Calcula1on	
  for	
  MEGAJOULE: 	
   	
   	
   	
   	
  Factor	
  1.5,	
  and	
  the	
  	
  
(Laser-­‐induced	
  interCal	
  fusion) 	
   	
   	
   	
   	
  necessary	
  laser	
  power	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  can	
  be	
  reduced	
  by	
  ~25	
  %	
  
M.	
  Temporal	
  et	
  al.;	
  Nucl.	
  Fusion	
  52	
  (2012)	
  103011	
  

Ralf	
  Engels	
  



Dependence on toroidal field 

Nucl. Fusion 48 (2008) 105003 G.W. Pacher et al

Figure 21. Contours of PSOL (MW) for (a) 95% of standard magnetic field, (b) 90% of standard magnetic field, in the plane Q–Palpha for
field variation (see caption of figure 11). (c) Comparison of the operating window for 90%, 95% and 100% of field of the standard case of
section 3, with colours indicating case and symbols and line styles indicating active limit as in the legend.

A decrease of the superconductor current-field product
(j × B) by 10% (95% B) therefore reduces the operating
window significantly, and a further decrease of 10% would
constitute a major reduction in machine performance, and
would jeopardize the goals for the ITER mission if it were
to occur.

4.4. Reduced helium pumping due to changes in divertor
configuration

In a recent study of the edge and divertor plasma [21, 24], it
was found that reducing the size of the dome would increase
the separatrix helium density and helium influx by a factor 3
over that found by the scaling of [13] and complete removal
of the dome would increase it by a factor of 9. Because of the
increased dilution, this is expected to impact negatively on the
plasma performance and the operating window. Accordingly,
the operating window was determined by multiplying the
scaling of [13] for helium-related quantities by 1 (standard
case), 3 and 9, respectively.

For the standard case, the number of electrons resulting
from the helium is small over the entire operating window,

8% or lower (figure 22(a)). As the helium is increased by a
factor 3 (figure 22(b)) and a factor 9 (figure 22(c)), respectively,
at the same fusion power and Q the electron density due to the
helium typically doubles (e.g. for a Q of 15 and 150 MW).
The DT density remains about the same to maintain the fusion
power the same, but the electron density increases because of
the additional electrons from the helium. The net fraction of
electrons provided by helium is shown in figure 22; it is most
significant at the lower alpha powers.

This increase in electron density (figure 23) again leads
to an increase of the LH transition power, and therefore the
limit given by PSOL/PLH moves to lower Q and constrains the
operating region severely when the helium scaling is 9× above
the standard scaling. The effect on the limit corresponding
to the Pα max, i.e. for the higher alpha powers, is relatively
small for the initial step but becomes more significant when
the helium scaling is 9× above the standard scaling.

The operating windows for the various helium scalings
are superposed in figure 24. The higher density at the higher
helium fraction leads to increased radiation and diminished
SOL power, which in turn requires less throughput to maintain
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Pα	
  	
  (MW)	
  

design	
  B0	
  

0.95	
  B0	
  

0.90	
  B0	
  

ITER simulations: 
Pacher	
  et	
  al,	
  NF48	
  (08)105003	
  
 
! Q ~ B 6 

 
-  but, high neutron flux will lower 
     critical current in SC coils 
     M.	
  Sawan,	
  P.	
  Walstrum,	
  Fus	
  Tech	
  10	
  (86)	
  

! 	
  could	
  severely	
  reduce	
  
	
  	
  	
  	
  	
  	
  parameter	
  space	
  	
  
	
  	
  	
  	
  	
  	
  for	
  ITER	
  operaCons	
  
	
  	
  
	
  
!	
  gain	
  from	
  polariza1on	
  is	
  
	
  	
  	
  	
  	
  field	
  independent	
  and	
  can	
  
	
  	
  	
  	
  	
  recover	
  the	
  opera1ng	
  space	
  

Q	
  



History 

•	
  	
  for	
  polarizaCon	
  to	
  be	
  useful,	
  it	
  must	
  survive	
  long	
  enough	
  	
  
	
  	
  	
  	
  for	
  complete	
  fuel	
  burn-­‐up	
  !	
  a	
  few	
  sec	
  in	
  a	
  tokamak	
  
	
  
•	
  	
  Kulsrud	
  et	
  al,	
  PRL	
  49	
  (1982)	
  1248	
  
	
  	
  	
  	
  …	
  and	
  many	
  other	
  papers	
  of	
  the	
  1980’s	
  calculated	
  various	
  depolarizaCon	
  
	
  	
  	
  	
  	
  	
  	
  	
  mechanisms	
  and	
  found	
  generally	
  only	
  small	
  effects;	
  

	
  	
  	
  	
  -­‐	
  	
  	
  the	
  excepCon	
  was	
  concern	
  over	
  depolarizaCon	
  at	
  the	
  walls	
  (wall	
  recycling)	
  

	
  

•	
  	
  What’s	
  new	
  ?	
  

	
  	
  	
  	
  !	
  in	
  an	
  ITER-­‐scale	
  reactor,	
  there	
  is	
  negligible	
  wall	
  recycling	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Pacher	
  et	
  al.,	
  Nucl	
  Fus	
  48	
  (2008)	
  105003;	
  	
  	
  Garzoh	
  et	
  al.,	
  Nucl	
  Fus	
  52	
  (2012)	
  013002	
  



Important	
  Issues	
  for	
  Polarized	
  Fusion	
  

• 	
  fusion	
  reacCons	
  increased	
  by	
  use	
  of	
  polarized	
  parCcles:	
  	
  
	
  
	
  	
  	
  	
   	
  -­‐	
  T+D	
  and	
  3He+D	
  fusion:	
  σ	
  gain	
  factor	
  =	
  1.5	
  ;	
  Power	
  gain	
  ~	
  2	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  -­‐	
  fuel	
  	
  burn-­‐up	
  will	
  include	
  D+D	
  reacCons;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  what	
  about	
  D+D	
  fusion:	
  ????	
  
	
  
	
  
•	
   	
  will	
  polarizaCon	
  survive	
  in	
  a	
  plasma?	
  
	
  

	
  (????	
  ↔	
  Must	
  be	
  tested	
  for	
  MCF	
  and	
  ICF	
  separately!)	
  
	
  
	
  
	
  
• 	
  How	
  to	
  produce	
  and	
  how	
  to	
  handle	
  polarized	
  fuel?	
  
	
  
	
  	
  	
  	
  	
   	
  ITER-­‐scale	
  Tokomaks	
  must	
  be	
  fed	
  either	
  with	
  pellets	
  or	
  fast	
  
	
   	
  neutral	
  beams	
  (~	
  1	
  MeV)	
  

Ralf	
  Engels	
  



D+D	
  fusion:	
  	
  σ(	
  D	
  +	
  D	
  )	
  /	
  σ0	
  

 4

�0 =
1

9
(2�1,1+4�1,0 + �0,0 + 2�1,�1)

Quintet Triplet Singlet

~d+ ~d!3He+ n

~d+ ~d!t+ p

Quintet suppression Factor

QSF =
�1,1

�0

Motivation

Sum of the independent channel-spin cross sections 

spin configurations

Polina	
  Kravchenko	
  



Experimental setup
Substantial part of the equipment from: 

~d0 ~d+

3He2+

n(p)

�0 =
1

9
(2�1,1+4�1,0 + �0,0 + 2�1,�1)

(3H+)

(30� 100keV )(0.1keV )

Quintet Triplet Singlet
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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 

Polina	
  Kravchenko	
  



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)

Polina	
  Kravchenko	
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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)

Polina	
  Kravchenko	
  

•	
  	
  expected	
  startup	
  	
  
	
  	
  	
  	
  !	
  2020	
  



Polarized fuel can be 
delivered to the plasma 
using hollow polymer 
shells (~2 mm diameter  
ICF pellets) 

D-III D Tokamak  
(San Diego) 

Direct	
  in	
  situ	
  test	
  of	
  polarizaCon	
  survival	
  in	
  a	
  tokamak	
  plasma	
  
(	
  Sina	
  Ta^i	
  for	
  the	
  Jefferson	
  Lab	
  –	
  Univ	
  Virginia	
  –	
  General	
  Atomics	
  collaboraCon)	
  

	
  	
  
	
  	
  	
  	
  	
  	
  •	
  	
  	
  test	
  reacCon:	
  	
  	
  D	
  +	
  3He	
  #	
  α	
  +	
  p	
  

•	
  	
  	
  D	
  can	
  be	
  permeated	
  into	
  pellets	
  and	
  then	
  
polarized	
  !	
  a	
  small	
  NP	
  target	
  
	
  
•	
  	
  	
  3He,	
  must	
  be	
  polarized	
  first	
  (SEOP)	
  and	
  
then	
  permeated	
  

! does	
  the	
  
	
  	
  	
  	
  	
  polarizaCon	
  survive	
  ?	
  



•	
  	
  	
  polarized	
  3He	
  permeaCon	
  tracked	
  with	
  medical-­‐imaging	
  MRI	
  

•	
  	
  	
  90%	
  of	
  the	
  polarizaCon	
  	
  
	
  	
  	
  	
  	
  gets	
  into	
  the	
  pellet	
  
	
  
•	
  	
  T1	
  (77K)	
  ~	
  5	
  hours	
  



OUR TYPICAL EXPERIMENTS ...

M.Büscher | 12. September 2018 Seite 4

Laser-induced Laser-plasma acceleration

Multi-TW laser beam Accelerated Ions

(pol.)
Target

Fusion reactions ☞ „Does the fusion rate 
depend on the target 

polarization?“

☞ „Are the 
accelerated ions 

polarized?“

☞ „Angular 
dependence of  fusion 

products?“

µm-sized 
relativistic 

plasma

Markus	
  Büscher	
  

•	
  	
  	
  Test	
  of	
  polarizaCon	
  survival	
  	
  
	
  	
  	
  	
  	
  during	
  laser-­‐induced	
  plasma	
  acceleraCon	
  (to	
  ~ few	
  MeV)	
  

•	
  	
  	
  plans	
  for	
  experiments	
  with	
  D	
  and	
  3He	
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Experimental results :: comparison of focusing efficiency H2 and D2

Magnetic moment of H2
is  2.5⋅ 10-3 µB

Magnetic moment of D2
is  6.5⋅ 10-4 µB

The flux of the focused deuterium molecules is lower since the magnetic
moments of D2 molecules are much smaller than those of H2 molecules.

The measured flux of polarized deuterium molecules is about 7
times smaller than the flux of hydrogen molecules. The geometry
of the source was not optimized to get the highest flow of D2 .

Exploring	
  methods	
  to	
  polarize	
  enough	
  fuel	
  for	
  a	
  reactor	
  	
  

•	
  	
  	
  ITER-­‐scale	
  reactor	
  would	
  require	
  ~	
  1022	
  /s	
  

•	
  	
  	
  Dimitriy	
  Toporkov	
  
	
  	
  	
  	
  	
  -­‐	
  atomic	
  beam	
  source	
  limits	
  ~	
  1017	
  atoms/s	
  
	
  	
  	
  	
  	
  -­‐	
  joint	
  effort	
  to	
  develop	
  polarized	
  molecular	
  beams	
  	
  
	
  	
  	
  	
  	
  	
  (Budker	
  Inst	
  –	
  U	
  Düsseldorf	
  –	
  Jülich)	
  

D2	
  /	
  H2	
  fluxes	
  in	
  the	
  
raCo	
  of	
  their	
  magneCc	
  
moments	
  



Method 2: Pulsed IR rovibrational excitation
of molecular beams

v=0,J=0

v'=1,J'=1

F=0
F=1

F'=0
F'=1
F'=2 hyperfine states

excited coherently

Polarizing molecular rotation (instead of electronic spin):

T. Peter Rakitzis, Phys. Rev. Lett. 94, 83005 (2005). 

Exploring	
  methods	
  to	
  polarize	
  enough	
  fuel	
  for	
  a	
  reactor	
  	
  

Pulsed Excitation of H2

Nuclear spin 
polarization of ortho-H2

Rotational polarization
of H2(v=1,J=1)

Always sum to 1

Peter	
  Rakitzis	
  	
  -­‐	
  	
  opCcal	
  methods	
  for	
  producing	
  polarizing	
  beams	
  
	
  
eg.	
  	
  	
  -­‐	
  	
  IR	
  laser	
  excites	
  a	
  deuterated	
  molecule	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  into	
  a	
  rotaConal-­‐vibraConal	
  state	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  hyperfine	
  beaCng	
  between	
  the	
  D	
  spin	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  J	
  of	
  the	
  molecule	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  stop	
  beaCng	
  when	
  all	
  the	
  spin	
  is	
  on	
  the	
  D,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  by	
  turning	
  on	
  a	
  magneCc	
  field	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  UV	
  laser	
  dissociates	
  the	
  molecule	
  

D	
  pol	
  



OpCcal	
  methods	
  of	
  producing	
  light	
  flux	
  polarized	
  beams	
  	
  -­‐	
  	
  P.	
  Rakitzis	
  

•	
  	
  poten1al	
  exists	
  for	
  producing	
  up	
  to	
  1022	
  s-­‐1	
  polarized	
  fluxes	
  	
  
	
  	
  	
  	
  using	
  commercially	
  available	
  lasers	
  	
  !	
  
	
  
•	
  	
  studies	
  planned	
  at	
  (a)	
  Jülich	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  at	
  (b)	
  JLab	
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“It’s 2018 and we cannot agree on t  to better than 7s?!”
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