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NuSTAR	  observa/ons	  of	  Cassiopeia	  A	  

Image of Cas A from NuSTAR – red shows Fe, blue is Ti, green is Si 
⇒ can study relative Ti/Ni yields in specific regions 
⇒ explosion is highly asymmetric (also abundance highly asymmetric) 
⇒ can use relative yields (not just total) to probe explosion characteristics 
⇒ need robust (and consistent) nuclear physics input 



26Al	  in	  the	  Galaxy	  

MPE Garching/R. Diehl 

γ-‐ray	  observa/ons	  
§ 	  COMPTEL@CGRO,	  SPI@INTEGRAL	  
§ 	  synthesised	  throughout	  Galaxy	  
§ 	  2-‐3	  solar	  masses	  equilibrium	  mass	  
§ 	  Doppler	  shiO	  of	  line	  indicates	  co-‐rota+on	  with	  Galaxy	  

=>	  Unambiguous	  direct	  evidence	  for	  nucleosynthesis	  in	  stars	  



Evolu/on	  of	  chemical	  elements	  

To	  understand	  origin	  and	  evolu+on	  of	  elements	  we	  need	  to	  understand	  the	  
contribu+on	  from	  different	  stars	  and	  explosions,	  at	  different	  +mes.	  
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To	  model	  these	  stars	  and	  stellar	  explosions,	  the	  models	  need	  the	  
thermonuclear	  reac/on	  rate.	  
	  
	  
In	  the	  case	  of	  individual,	  narrow	  resonances	  domina+ng	  the	  rate,	  then	  

Otherwise	  we	  measure	  the	  cross	  sec/on	  over	  the	  appropriate	  energy	  
range	  (Gamow	  window)	  for	  the	  temperature	  of	  the	  environment.	  



ISAC’s	  unique	  fleet	  



In the last two decades, ISAC has achieved around ten direct 
measurements for nuclear astrophysics with radioactive beams, as 
well as a number of indirect studies (see Dr Davids’ talk later today). 
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Indeed, several stable beam measurements have also resulted in 
high profile papers. 









Detector	  of	  Recoils	  And	  Gammas	  Of	  
Nuclear	  reac+ons	  



The	  DRAGON	  recoil	  separator	  



beam 
recoils 

Dave Hutcheon’s design 
 
Best beam rejection in 
the world.  



What makes DRAGON unique? 
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Windowless gas target 

BGO array 

Focal plane PID 



DRAGON	  gas	  target	  

Windowless, differentially pumped, recirculating gas target (H2 or He) 
1-10 mbar (pumping constraints) à ≲6 x 1018 at/cm2 H2 

LN2 cooled zeolite cleaning trap 

Monitor	  T	  and	  P	  

Surface	  barrier	  detectors	  
at	  30	  and	  57	  deg.	  to	  
monitor	  elas+c	  sca\ering.	  

Energy	  can	  be	  measured	  
with	  0.1-‐0.2	  %	  accuracy	  

Energy	  loss	  &	  therefore	  
stopping	  power	  measured	  
directly 



z 

BGO array ‘tags’ recoil at focal plane. 
Very high efficiency (40-90%!). 
 
Use BGO crystal z-coordinate to extract 
resonance position within extended gas 
target. 

BGO Array 



30 Annika Lennarz - Workshop on Recoil Separators for Nuclear Astrophysics 

Interchangeable end 
detectors 

IC or DSSSD  
(Depending on 

reaction) 

 
 

Dual micro-channel plate 
system: Local TOF over 

59cm 

Absolute energy & 
position via double-

sided silicon strip 
detector 
(DSSSD) 

 
 

 
 

ΔE-E in ionization 
chamber for 

 Z-identification 

•  Particle ID 
•  Local TOF 
•  ΔE/E, Total E 

Focal plane detectors - PID 



TRIUMF	  UK	  Detector	  Array	  



Versatile charged particle detection, based on silicon strip detector and high-
linearity, low noise electronics.  
 
Highly configurable setup, can be optimised for reaction under study. 
High efficiency, high resolution. 
512 separate detector channels, giving energy, timing and angle/position. 
And, of course, the copper shack! 



In	  the	  beginning….	  



In	  the	  beginning….	  
there	  was	  21Na…and	  lots	  of	  it!	  



35 

22N
e 

𝛽+ 1.275 MeV 

21Na(p,𝛾)22Mg for 22Na production in 
Classical Novae 
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𝛽+ 1.275 MeV 

21Na(p,𝛾)22Mg for 22Na production in 
Classical Novae 

Conclusions: model predictions for 
Oxygen-Neon Novae became 

consistent with upper limits of 22Na 
observations… 

Maximum detectability distance 
determined to be 1 kiloparsec for 22Na 

from these novae. 



The	  Textbook	  case	  

Nuclear Physics of Star, 
C. Iliadis  
J. Wiley & Sons, 2007 



The	  Textbook	  case	  



DRAGON	  highlights	  
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26Al(p,𝛾)27Si: 26Al galactic map 



41 

26Al(p,𝛾)27Si: 26Al galactic map 

Conclusions: up to 20% of 26Al 
observed in Galaxy could be 
from novae…. (but no more)  



40Ca(α,𝛾)44Ti: 44Ti SN remnant map 



40Ca(α,𝛾)44Ti: 44Ti SN remnant map 

Conclusions: more resonances 
found resulting in higher rate 

and more 44Ti produced. 
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38K(p,𝛾)39Ca for Ca/Ar production in 
Classical Novae 
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38K(p,𝛾)39Ca for Ca/Ar production in 
Classical Novae 

Conclusions: uncertainties in 
nuclear physics most likely not 
explanation for Ca anomalies in 

nova observations 



TUDA	  highlights	  



Target S2 Detectors 

LEDA Detectors Diagnostics 

18F 
15O 

α

	  18F(p,α)15O	  for	  18F	  destruc+on	  in	  classical	  novae	  	  	  	  



The	  18F(p,α)15O	  data	  	  	  
	  

18F(p,�)15O
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(a)        673 keV

(b)        453 keV

(c)        330 keV

18

(d)        250 keV

18F O

Conclusions: constraints on low 
energy cross section. 

Still the lowest energy 
measurement ever performed. 

 PRC(R) 83 042801 (2011) 



23Na(α,p)26Mg	  –	  26Al	  in	  massive	  stars	  

PD	  on	  target	  ladder	  to	  measure	  
energy	  loss	  through	  window	  material	  
at	  each	  incident	  beam	  energy.	  



Similar setup used for 21Na(α,p)24Mg (publication in 
preparation) and for planned 18Ne(α,p)21Na measurement -> 
key reaction in X-ray bursts. 



Pushing	  the	  limits	  



18F(p,γ)19Ne	  –	  low	  intensity	  limit	  

Beam	  intensity	  ~	  106	  pps	  –	  too	  low	  for	  reliable	  FC	  reading.	  
Normalisa+on	  using	  elas+c	  sca\ering	  and	  simula+ons.	  	  



58Ni(p,γ)59Cu	  measurement	  –	  high	  mass	  limits	  

76Se(α,γ)80Kr publication in preparation 



The	  impact	  of	  ISAC	  









The	  con/nuing	  mission	  



7Be(α,γ)11C – starts tomorrow! 
 
11C(p,γ)12N – link between pp-chains and CNO 
 
15O(α,γ)19Ne – alternative approach to 18F(p,γ) 
 
18F(p,α)15O – reduce uncertainties in 18F destruction 
 
18Ne(α,p)21Na – key reaction in X-ray bursts 
 
37Ar(p,γ)38K – nova nucleosynthesis 
 
… 
 
Need to keep developing high intensity ISOL beams. 
DRAGON and TUDA continue to be competitive. 



To	  be	  con/nued	  ….	  X-‐ray	  bursts	  
In	  X-‐ray	  bursts,	  key	  (p,γ)	  and	  (α,p)	  reac+ons	  are	  s+ll	  to	  be	  measured.	  
Sensi+vity	  studies,	  such	  as	  below	  by	  Cyburt	  et	  al.,	  focus	  experimental	  
effort.	  	  	  

ISAC’s fleet of facilities ideally 
suited to tackling these reactions.   



Nuclear	  astrophysics	  is	  a	  rapidly	  evolving	  field:	  
² Now	  in	  mul+-‐messenger	  era	  	  
² New	  observa+ons,	  new	  techniques	  and	  vast	  amount	  of	  

data	  (e.g.	  Gaia)	  have	  significantly	  reduced	  astrophysical	  
uncertain+es	  

² Stellar	  and	  explosion	  models	  now	  in	  3D,	  iden+fying	  new	  
processes	  

	  
=>	  Reducing	  nuclear	  physics	  uncertain+es	  is	  cri+cal	  for	  
interpre+ng	  the	  wealth	  of	  new	  data.	  
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=>	  Reducing	  nuclear	  physics	  uncertain+es	  is	  cri+cal	  for	  
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ISAC’s	  capabili+es	  remain	  world-‐leading	  and	  ideally	  suited	  
to	  tackle	  the	  new	  demands	  and	  challenges	  in	  nuclear	  
astrophysics.	  
 
 



Thank	  you	  for	  your	  a\en+on.	  
Merci.	  

John D’Auria 
1939-2017 

TISOL à ISAC 
DRAGON 

Pat Walden 
1944-2018 

 Proton Hall à ISAC 
TUDA 



Reaction Motivation Intensity (s-1) Purity (beam:cont.) 

21Na(p,γ)22Mg 1.275 MeV line emission in ONe novae 5 x 109 100% 

12C(α,γ)16O Helium burning in red giants 3 x 1011 to 1 x 
1012 

26gAl(p,γ)27Si Nova contribution to galactic 26Al 3 x 109 30,000:1 

12C(12C,γ)24Mg Nuclear cluster models 3 x 1011 

40Ca(α,γ)44Ti Production of 44Ti in SNII 3 x 1011 10,000:1 – 200:1 

23Mg(p,γ)24Al 1.275 MeV line emission in ONe novae 5 x 107 1:20 – 1:1,000 

17O(α,γ)21Ne Neutron poison in massive stars 1 x 1012 

18F(p,γ)19Ne 511 keV line emission in ONe novae  2 x 106 100:1 

33S(p,γ)34Cl S isotopic ratios in nova grains 1 x 1010 

16O(α,γ)20Ne Stellar helium burning 1 x 1012 

17O(p,γ)18F Explosive hydrogen burning in novae 1 x 1012 

3He(α,γ)7Be Solar neutrino spectrum 5 x 1011 

58Ni(p,γ)59Cu High mass tests (p-process, XRB) 6 x 109 

26mAl(p,γ)27Si SNII contribution to galactic 26Al 2 x 105 1:10,000 

38K(p,γ)39Ca Ca/K/Ar production in novae 2 x 107 1:1 

19Ne(p,γ)20Na 19F abundance in nova ejecta 2 x 107 1:1 to 4:1 

22Ne(p,γ)23Na NeNa cycle; explosive H burning in 
classical novae 

2 x 1012 

7Be(α,γ)11C ν-p process 1:200 to 1:1000 

Successful	  ISAC	  programme	  


