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● t½ = 7.2 x 105 yr
● Eγ = 1809 keV
●● tt½½ = 7.2 x 10= 7.2 x 1055 yryr
●● EEγγ = 1809 = 1809 keVkeV

● COMPTEL → 2 M☼
● RHESSI, INTEGRAL 

→ 2.8±0.8M☼
● Concentration in star 
forming regions: young 
massive progenitors
● CCSN (O-Ne shell and 
H-shell)
● Wolf-Rayet phases
● AGB, Novae (O-Ne)?

● COMPTEL COMPTEL →→ 2 M2 M☼☼
●● RHESSI, INTEGRAL RHESSI, INTEGRAL 

→→ 2.82.8±±0.8M0.8M☼☼
●● Concentration in star Concentration in star 
forming regions: young forming regions: young 
massive progenitorsmassive progenitors
●● CCSN (OCCSN (O--NeNe shell and shell and 
HH--shell)shell)
●● WolfWolf--RayetRayet phasesphases
●● AGB, Novae (OAGB, Novae (O--NeNe)?)?

RHESSI SPI

Smith, D.M. ApJ 589, L55 (2003) Knodlseder, J. New Astronomy Reviews 48 
(2004)

60Fe/26Al =0.11± 0.03

26Al in the 
Galaxy
2626Al in the Al in the 
GalaxyGalaxy

60Fe/26Al ratio 
measured (RHESSI 
and SPI):

6060Fe/Fe/2626Al ratio Al ratio 
measured (RHESSI measured (RHESSI 
and SPI):and SPI):

Harris, M.J. Astronomy & 
Astrophysics 433 (2005) 

(SPI result)
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• Woosley and Weaver (1995) 

– 200 isotope network H to Ge 

– Neutrino induced nucleosynthesis

– Large CCSN 26Al yield

• Rauscher, Heger, Hoffman and Woosley
(2002)

– NON-SMOKER, similar to WW95 code 

– Improved stellar physics

– Updated nuclear reaction rates 
(REACLIB)

• Limongi and Chieffi (2003)

– REACLIB, no neutrino nucleosynthesis

– Different treatment of explosion

•• WoosleyWoosley and Weaver (1995) and Weaver (1995) 

–– 200 isotope network H to 200 isotope network H to Ge Ge 

–– Neutrino induced nucleosynthesisNeutrino induced nucleosynthesis

–– Large CCSN Large CCSN 2626Al yieldAl yield

•• RauscherRauscher, , HegerHeger, Hoffman and , Hoffman and WoosleyWoosley
(2002)(2002)

–– NONNON--SMOKER, similar to WW95 code SMOKER, similar to WW95 code 

–– Improved stellar physicsImproved stellar physics

–– Updated nuclear reaction rates Updated nuclear reaction rates 
(REACLIB)(REACLIB)

•• LimongiLimongi and and ChieffiChieffi (2003)(2003)

–– REACLIB, no neutrino nucleosynthesisREACLIB, no neutrino nucleosynthesis

–– Different treatment of explosionDifferent treatment of explosion

N. Prantzos, Astronomy & 
Astrophysics 420, 1033-1037 (2004)

1995 model (Woosley) 

2002 model (Rauscher)

In order to reproduce measured 
60Fe/26Al, must integrate over Wolf-
Rayet stars. However…yields uncertain.

In order to reproduce measured In order to reproduce measured 
6060Fe/Fe/2626Al, must integrate over WolfAl, must integrate over Wolf--
RayetRayet stars. Howeverstars. However……yields uncertain.yields uncertain.
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21Na(p,γ)22Mg –– DRAGON completedDRAGON completed

25Al(p,γ)26Si –– DRAGON proposalDRAGON proposal

23Na(p,γ)24Mg
2222Na(p,Na(p,γγ))2323MgMg –– DRAGON/U. Wash.DRAGON/U. Wash.

26gAl(p,γ)27Si –– this workthis work

• < 0.4 M☼
26Al from novae      

[J. José, M. Hernanz and A. Coc, Astrophys. J. Lett. 479 
(1997)]

•• < 0.4 M< 0.4 M☼☼
2626Al from novae      Al from novae      

[J. [J. JosJoséé, M. , M. HernanzHernanz and A. and A. CocCoc, , AstrophysAstrophys. J. . J. LettLett. 479 . 479 
(1997)](1997)]

27Si

Nova contribution?Nova contribution?Nova contribution?

Resonance at 188 keV dominates –
measurement by R.B. Vogelaar, unpublished 
(1989).

Variation of factor 3 in strength yielded factor 
2 in 26Al yield for some O-Ne models [J. José, 
A. Coc and M. Hernanz, Astrophys. J. 520 (1999)]

Resonance at 188 Resonance at 188 keVkeV dominates dominates ––
measurement by R.B. measurement by R.B. VogelaarVogelaar, unpublished , unpublished 
(1989).(1989).

Variation of factor 3 in strength yielded factor Variation of factor 3 in strength yielded factor 
2 in 2 in 2626Al yield for some OAl yield for some O--NeNe models [models [J. J. JosJoséé, , 
A. A. CocCoc and M. and M. HernanzHernanz, , AstrophysAstrophys. J. 520 (1999)]. J. 520 (1999)]

Novae: key NeNa-MgAl cycle 
reactions….
Novae: key Novae: key NeNaNeNa--MgAl MgAl cycle cycle 
reactionsreactions……..
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Resonance strength measurement at DRAGONResonance strength measurement at DRAGONResonance strength measurement at DRAGON



Nuclei in the Cosmos IX 2006Nuclei in the Cosmos IX 200626/06/200626/06/2006

Beam productionBeam productionBeam production

TRIUMF 
cyclotron
TRIUMF TRIUMF 

cyclotroncyclotron

protons
500 MeV

ISAC high-power 
SiC target

ISAC highISAC high--power power 
SiCSiC targettarget

RFQRFQ

0.15 MeV/u0.15 0.15 MeVMeV/u/u

DTLDTLDTL

Laser Ion SourceLaser Ion SourceLaser Ion Source
rhenium surface 

ion source
rhenium surface rhenium surface 

ion sourceion source

< 1.8 MeV/u< 1.8 < 1.8 MeVMeV/u/u

26gAl+26g26gAlAl++

RFQRFQRFQ

λ1=308/309nm

λ2=532nm
70 μA

490 SiC disks

~1650 °C

• min. 1 x 109 ions/sec required > 100 counts 

• beam purity: 26Na (32ppm), 26mAl (28ppm)

• beam size: 90% 4mm Ø collimator

• 85 ns bunched beam, ΔE ~ 0.3%

• achieved average 3.4 x 109 ions/sec 

• peak 5 x 109 ions/sec

•• min. 1 x 10min. 1 x 1099 ions/sec required > 100 counts ions/sec required > 100 counts 

•• beam purity: beam purity: 2626Na (32ppm), Na (32ppm), 26m26mAl (28ppm)Al (28ppm)

•• beam size: 90% 4mm beam size: 90% 4mm ØØ collimatorcollimator

•• 85 ns bunched beam, 85 ns bunched beam, ΔΔE ~ 0.3%E ~ 0.3%

•• achieved average 3.4 x 10achieved average 3.4 x 1099 ions/sec ions/sec 

•• peak 5 x 10peak 5 x 1099 ions/secions/sec

26gAl6+

201 keV/u

197 keV/u

225 keV/u
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Beam intensityBeam intensityBeam intensity

Intensity 
at 

DRAGON 

Intensity after 
ion-source w/o 

laser

Intensity after 
ion-source 
with laser
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Measurement considerationsMeasurement considerationsMeasurement considerations

BGO array

ε = (76 ± 10)%

SB detectors  -
normalisation8 Torr H2

ΔE ~ 15 keV/u
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BGO detection efficiency (GEANT 
simulations compared to 

measurements)• Separator transmission (GEANT) ~ 98%

• DSSD efficiency ~ 97%

• Si4+ charge-state fraction → (42 ± 2)% measured with Si beam
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Analysis - YieldAnalysis Analysis -- YieldYield

27Si

“leaky” beam

201 keV/u 
data

197 keV/u 
data

200ns 
t.o.f cut

• Primary cut  on 21m 
separator time-of-flight

• 200ns t.o.f window

• Background subtraction 
from large (~ 5 μs) cut –
checked with fit to “leaky”
energy distribution

• Modest energy cuts

• 201 keV/u → 119 ± 14 

• 197 keV/u → 28 ± 6

• 225 keV/u → < 3.72(90%) 

•• Primary cut  on 21m Primary cut  on 21m 
separator timeseparator time--ofof--flightflight

•• 200ns t.o.f window200ns t.o.f window

•• Background subtraction Background subtraction 
from large (~ 5 from large (~ 5 μμs) cut s) cut ––
checked with fit to checked with fit to ““leakyleaky””
energy distributionenergy distribution

•• Modest energy cutsModest energy cuts

•• 201 201 keVkeV/u /u →→ 119 119 ±± 14 14 

•• 197 197 keVkeV/u /u →→ 28 28 ±± 66

•• 225 225 keVkeV/u /u →→ < 3.72(90%) < 3.72(90%) 
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Analysis – resonance energyAnalysis Analysis –– resonance energyresonance energy

Z-distribution (along beam-axis) of BGO hits

27Si t.o.f cut Background cut

ER=184±1 keV

• Centroid of z-distribution of 
primary gamma hits gives 
resonance position to ~1cm 
accuracy

• Translates to error of  1 keV

• Distribution modeled with 
GEANT, compared with other 
strong, narrow resonance 
reactions

• 4σ deviation from previous 
measurement – leads to ~ 15% 
change in exponential 

•• Centroid Centroid of zof z--distribution of distribution of 
primary gamma hits gives primary gamma hits gives 
resonance position to ~1cm resonance position to ~1cm 
accuracyaccuracy

•• Translates to error of  1 Translates to error of  1 keVkeV

•• Distribution modeled with Distribution modeled with 
GEANT, compared with other GEANT, compared with other 
strong, narrow resonance strong, narrow resonance 
reactionsreactions

•• 44σσ deviation from previous deviation from previous 
measurement measurement –– leads to ~ 15% leads to ~ 15% 
change in exponential change in exponential 
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Error budgetError budgetError budget

22%22%17%17%8%8%5%5%2%2%13%13%1%1%5%5%197197

12%12%15%15%3%3%5%5%2%2%13%13%1%1%5%5%201201

Stat. Stat. 
errorerror

Tot Tot 
sys. sys. 
errorerror

ΔΔNNΔηΔηSi4+Si4+ΔηΔηsepsepΔηΔηBGOBGOΔηΔηDSSDDSSDΔεΔεEEbeambeam
((keVkeV/u)/u)

• Systematic error dominated by BGO efficiency

• Total uncertainty (in 201 keV/u measurement) 
20% c.f. 16%

•• Systematic error dominated by BGO efficiencySystematic error dominated by BGO efficiency

•• Total uncertainty (in 201 Total uncertainty (in 201 keVkeV/u measurement) /u measurement) 
20% c.f. 16%20% c.f. 16%
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Results and ImplicationsResults and ImplicationsResults and Implications

• Resonance strength 35 ± 5sys ± 4stat μeV - (c.f Vogelaar 55 ± 9 μeV)
• Combined with new resonance energy, up to 20% reduction of 

reaction rate over Gamow window for typical O-Ne nova
• Representative case – 1.25 M☼ accreting O-Ne white-dwarf: onset to 

explosion & ejection, spherically symmetric, implicit, Lagrangian
hydro- code (J. José, UPC-IEEC)

• Net reduction of 26gAl(p,γ)27Si rate favours 26Al synthesis – mean 
ejecta yield 0.074%  by mass 

• Supports paradigm of secondary nova contribution to Galactic 26Al 
distribution

• Exact contribution uncertain because (mostly) of 25Al(p,γ)26Si rate

•• Resonance strength 35 Resonance strength 35 ±± 55syssys ±± 44statstat μμeV eV -- (c.f (c.f Vogelaar Vogelaar 55 55 ±± 9 9 μμeVeV))

•• Combined with new resonance energy, up to 20% reduction of Combined with new resonance energy, up to 20% reduction of 
reaction rate over reaction rate over GamowGamow window for typical Owindow for typical O--Ne Ne novanova

•• Representative case Representative case –– 1.25 M1.25 M☼☼ accreting Oaccreting O--NeNe whitewhite--dwarf: onset to dwarf: onset to 
explosion & ejection, spherically symmetric, implicit, explosion & ejection, spherically symmetric, implicit, LagrangianLagrangian
hydrohydro-- code (J. Joscode (J. Joséé, UPC, UPC--IEEC)IEEC)

•• Net reduction of Net reduction of 26g26gAl(p,Al(p,γγ))2727Si rate favours Si rate favours 2626Al synthesis Al synthesis –– mean mean 
ejecta ejecta yield 0.074%  by mass yield 0.074%  by mass 

•• Supports paradigm of secondary nova contribution to Galactic Supports paradigm of secondary nova contribution to Galactic 2626Al Al 
distributiondistribution

•• Exact contribution uncertain because (mostly) of Exact contribution uncertain because (mostly) of 2525Al(p,Al(p,γγ))2626Si rateSi rate
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SummarySummarySummary

• Independent inverse-kinematics measurent of 26gAl(p,γ)27Si 184 keV 
resonance – sources of error well controlled

• Challenging experiment requiring large beam-development effort –
very high intensity radioactive beam from ISOL method achieved 

• Nova 26Al constrained by 26gAl(p,γ)27Si and pinned-down by future 
25Al(p,γ)26Si reaction                                          

•• Independent inverseIndependent inverse--kinematics kinematics measurent measurent of of 26g26gAl(p,Al(p,γγ))2727Si 184 Si 184 keV keV 
resonance resonance –– sources of error well controlledsources of error well controlled

•• Challenging experiment requiring large beamChallenging experiment requiring large beam--development effort development effort ––
very high intensity radioactive beam from ISOL method achieved very high intensity radioactive beam from ISOL method achieved 

•• Nova Nova 2626Al constrained by Al constrained by 26g26gAl(p,Al(p,γγ))2727Si and pinnedSi and pinned--down by future down by future 
2525Al(p,Al(p,γγ))2626Si reaction                                          Si reaction                                          
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The Usual SuspectsThe Usual SuspectsThe Usual Suspects
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• Measuring 
contaminants

•• Measuring Measuring 
contaminantscontaminants

• 26mAl, 26Na contaminants.
• 26mAl β+ decays to ground state 26Mg –

positrons captured in ‘horn’ – annihilate –
detect 511 keV γ-rays in coincidence with 
NaI detectors.

• 26Na β- decays to 1st ex state of 26Mg – get 
1.8 MeV γ-ray – HPGe detector.

• 26Na 32 ppm -> 0.9 ppm 

•• 26m26mAl, Al, 2626Na contaminants.Na contaminants.
•• 26m26mAl Al ββ+ decays to ground state + decays to ground state 2626Mg Mg ––

positrons captured in positrons captured in ‘‘hornhorn’’ –– annihilate annihilate ––
detect 511 keV detect 511 keV γγ--rays in coincidence with rays in coincidence with 
NaI detectors.NaI detectors.

•• 2626Na Na ββ-- decays to 1decays to 1stst ex state of ex state of 2626Mg Mg –– get get 
1.8 MeV 1.8 MeV γγ--ray ray –– HPGe detector.HPGe detector.

•• 2626Na 32 ppm Na 32 ppm --> 0.9 ppm > 0.9 ppm 

26Al

26Mg

26Na

β+

β−

Metastable state

1st ex state


