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The Big Picture 

Nick Bateman

ISAC

There is no silver bullet 
experiment but rather a 
program of difficult and 
complex studies.

Elemental Abundances



Role of Radioactive Beams in Nuclear Astrophysics
A number of publications including

M. Smith and E. Rehm, Ann. Rev. Nucl. Part. Phys. 51(2001)91
J. Blackmon, C. Angulo, A. Shotter, NP  A (in press)
Proceedings of “Nuclei in the Cosmos VIII”, 
Many laboratory proposals, e.g. RIA 

Western Frontier

Eastern 
Frontier



●● tt½½ = 717,000 yr= 717,000 yr
●● EEγγ = 1809 keV= 1809 keV

● COMPTEL COMPTEL →→ 2M2M☼☼
●● RHESSI, INTEGRAL RHESSI, INTEGRAL 

●● SN II, WolfSN II, Wolf--RayetRayet
●● SNII HSNII H--Shell/OShell/O--NeNe shellshell
●● AGB, Novae (ONe)?AGB, Novae (ONe)?

RHESSI SPI

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

60Fe/26Al = 
0.11± 0.03

26Al Science



26Al formation: AlMg cycle
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• Thermonuclear burning 
proceeds in region defined by 
Coulomb penetrability and 
thermalised velocity distribution

• Rate can be greatly enhanced 
when resonances lie within 
this ‘window’

• Window for explosive events is 
at higher T/energy than normal 
stellar environments

Cauldrons in the Cosmos, Rolfs & Rodney

Gamow Peak

What determines the reaction rate?



• Narrow Breit-Wigner resonance
½ λ2 ωγ = ∫σBW(E) dE

Resonance strength (for p,γ)
ωγ = spin factor  x  Γp Γγ / Γtot

( can measure Γ indirectly)

• Thick target yield per incident beam particle,         
Yield = ½ λ2 ωγ (Mb+Mt)/(Mt ε)

λ = de Broglie wavelength
ε = (lab) energy loss per atom/cm2 in target (measured)

Measure Yield, calculate resonance strength, ωγ

21Ne(p,γ)22Na
(using gas target)

What is ωγ and how is it measured?



Radiative Capture Direct Measurements
(Direct Capture and Resonance Reactions)

Experimental Challenges Using Radioactive Beams

• Inverse kinematics is optimal approach.
• Beam intensities much less than stable beams (if available at all).
• Cross sections are small (resonance strengths ~ 1 meV) .
• Beam is radioactive (background radiation, e.g., 511 keV γ, ~109/s)
• Radiative proton and helium capture may require gas target.
• Need  >108 ions/s in beam; high purity; 

• What do you need to know before starting and during study ?
– Resonance energy (thickness of gas target ~ 14 keV)
– Radioactive beam energy (different RB accelerators)
– Accurate beam intensity (and reaction product yield) 
– Resonance width and gamma branching ratio useful
– Angular spread of the recoils in inverse kinematics
– Charge state distribution very important with DRAGON

• What do you measure [Quantitative measurement to ± 20%]
– Thick Target Yield = ½ λ2 ωγ (1/ ε) (Mb+ Mt)/(Mt) (for narrow resonance)
– Need to do full scan for broad resonances



Basic Experimental Approach
AX +  p           A+1Y + γ

Inverse kinematics

Recoil
DetectorH2

Target

RIB or Stable Beam

Advantage:    θ < ~ 1 deg, could accept all recoils

Challenges:    Beam and recoil have ~same momentum.
Rate of beam >>> rate of recoils (1011/1).
Radioactive beam has extra background.

Requires:       Intense source of radioactive Beam - ISAC/ISOLDE
Efficient detection of reaction product 
Very efficient rejection of Beam   - DRAGON
Windowless hydrogen gas target
Low velocity accelerator  (0.15- 1.5 MeV/u)  ISAC I Acc.

Product

θ

γ
DRAGON
DRS
ARES
ERNA



DIRECT 
Measurement

of 
26gAl(p,γ)27Si



Radioactive Beams at TRIUMF-ISAC
The ISOL Method

•500 MeV protons onto thick target
•Have used Nb, Ta, SiC, TiC, CaO, CaZrO3, (ZrC)
•Intensities up to 100 μA possible (now 75 μA)
•Products diffuse out at high temperatures
•Species ionized in heated surface ion source 

and laser ion source;
ECR (2004, revised 2007);  FEBIAD(2006) 

M. Dombsky TRIUMF
www.triumf.ca/people/marik/

Some Beam Intensities at Yield Station
8Li     (Ta)      8 x 108   pps

11Li     (Ta)      4 x 104   pps
21Na   (SiC)     9.9 x 109 pps
26gAl    (SiC)     1 x 1010 pps
74Rb   (Nb)     1.3 x 104 pps
79Rb   (Nb)     4.6 x 109 pps
160Yb  (Ta)     8.4 x 109 pps





[TRINAT]

Collection
Facility
Separator floor

TITAN



ISAC II Specs
E ≤ 6.5 MeV/u
A ≤ 150   

2006  E ~ 4 MeV/u
A ≤ 60  (CSB)



ISAC II Specs
E ≤ 6.5 MeV/u
A ≤ 150  (with CSB) 

2006  E ~ 4 MeV/u
A ≤ 60  



ISAC LINACS

Energy:  0.15 – 1.5 MeV/u Pulse 
Iteration:  86 ns
Masses:  A < 30 amu (A/q < 30)        
Built for Astrophysics program15O



NIM A498(2003)190www.triumf.ca/ dragon

DSSD or IC
MCP

MD1

NIM A498(2003)190; A553(2005)491www.triumf.ca/dragon

ED1



DRAGON Gamma Array
• 30 BGO Gamma detectors 

surrounding gas target 
• Geometrical efficiency of 89-92%
• Effective efficiency determined 

from GEANT simulations and 
point source studies.

Can locate position of resonance
In gas target – Z plot



“The Dragon’s Eye”: Beam in the Gas Target
● Telescope + CCD camera look upstream through  alignment port of

MD1 magnet, through gas target.
● Inner dark hole is 6 mm entrance aperture of gas cell.
● Shows beam presence and position without interrupting data collection



DRAGON Separator
• Two stage separator
• Each stage consists of a 

magnetic dipole and an 
electric dipole plus focusing 
elements

• Magnetic dipole separates 
according to charge state

• Electric dipole separates 
according to mass

• Repetition of separation 
stages improves 
suppression



DRAGON End Detectors
• Choice of end detectors 

depending on 
requirements of reaction 
being studied
Silicon strip detector 
(DSSSD)
- yield, timing, position, energy
Ion chamber (IC)  
- particle i.d., energy
Micro-channel plate (MCP)
- local timing (with DSSSD or     
second MCP)



DRAGON Quantification

• Beam Normalization ( < ± 20% )

- Measured elastic scattering in gas target.
- Measured betas from scattered radioactive beam (ED1).
- Measured ‘light’ in CCD camera from beam.
- Normalized to upstream faraday cup.
- Measure charge state distribution of recoil (or same Z).
- (For 26gAl study, measure 26Na using Ge det (after ED1) 

• Beam Energy
- Use calibrated NMR probe on MD1



Features/Performance of DRAGON
• All operations are EPICS remotely controlled.
• DRAGON is ~20 m long; 1-4 μs in flight path depending..
• DRAGON acceptance is <~± 20 mrad; ± 4% in energy
• Gas target operates <~ 8 torr (H2 and He).
• Special holder used for solid targets. 
• CSB foil of SiN (50 nm) used to increase aver. Charge.
• BGO Gamma Array efficiency ~ 50% depending….
• MD1 used to measure beam energy to ~ 0.15%
• RMS limitations: 

electric rigidity = 8 MV (2E/q);            
magnetic rigidity = 0.5 T-m  [m/q (2E/m)1/2] 

• RMS accepts only one charge state.
• Beam transmission/suppression depends on beam energy; 

up to  1016 with separator, t-o-f, and γ coin.  
• Focal plane detectors 

– DSSSD (Double sided, Si strip detector)
– Multi-anode Ionization chamber
– Both detectors can be operated with a MCP/C foil 

system for fast signal
– A second MCP/C system will be added for improved 

local T-O-F
• Upgrade of electronics funded and being installed.
• Data acquisition by MIDAS; data analysis by ROOT.
• DRAGON operates 24/7 for multi-week experiments

DRAGON Beam suppression; 
recoil mass separator only

1.10±0.13790.424Mg(p,γ)25Al
1.15±0.18402.224Mg(p,γ)25Al
0.86±0.17214.024Mg(p,γ)25Al
0.93±0.21731.521Ne(p,γ)22Na
1.82±0.44 258.621Ne(p,γ)22Na

0.75±0.07
1.07±0.21

1112.620Ne(p,γ)21Na
ωγ[DRA/Lit.]Ec.m.(keV)Reaction

NIM A in press

1013



21Na(p,γ)22Mg
Results – resonance strengths

• Received 21Na beam (≤ 2 x 109;~600 epA)
• Determined resonance strengths for seven 

states in 22Mg between 200 and 1103 keV
• DRAGON operations

- used DSSSD as focal plane detector
- used beta activity,FC and elastics for flux

- used BGO gamma despite high γ bgd.

PRC 69 (2004) 065803
PRL 90 (2003) 162501

5.7110.212

new22Mg mass: -399.7 keV

ωγ = 1.03 meV± 0.2;  E =205.7 keV



Reaction rate
• The lowest measured state at 

5.711 MeV (Ecm = 206 keV) 
dominates for all novae 
temperatures and up to about 
1.1 GK

• Updated nova models showed 
that 22Na production occurs 
earlier than previously thought 
while the envelope is still hot 
and dense enough for the 22Na 
to be destroyed 
This results in lower final 
abundance of 22Na
Reaction not significant for 
XRB



The Measurement

TRIUMF E989 C. Ruiz



26gAl(p,γ)27Si
• 26gAl (5+) can only form high J 
states in 27Si via low-energy 
radiative capture

• Several resonances below   
Ecm=900 keV contribute for  
T9≤0.35 Novae burning 

• Most recent work* includes 18   
resonances: dominant resonance 
is ER=188 keV → Ex=7652 keV

• Calculations for ONe WD Novae 
(J. Jose)show factor 2 change in 
final 26Al for 30% variation in  
resonance strength

• Previous adopted value of 
ωγ (55±9 μeV) based on 
NaI γ reaction studies (unpub.)

188 keV

27Si



● 205 keV/u run: 262407 s (72.9 hrs), I(26gAl ) ~ 7 x 107 /sec, 
9 coinc. recoil counts, 1.95 x 1013 ions on target  (wrong T-O-F)
resonance str.  of 188 keV state; (upper limit only based on non-obs.)

Y = cts/( It x εbgo x εq x εlt ) = 1/( 2.0 x 1013 x 0.4 x 0.35 x 0.9 )  = 4.1 x 10-13;

ωγ < 65 μeV

Unpublished measured value is 55 μeV, previous adopted value is 65 μeV!

SUMMARY of Feasibiity Studies, Summer 2004

● Higher, stronger resonance at 364 keV
EB = 384 keV/u run:  51148 s (14.2 hrs),  (26gAl)  ~ 108 /sec 
117 coinc. recoil counts, 5 x 1012 ions on target, 

• Observed resonance strength of 363 keV state: 
Measured 56 ± 14 meV,  literature 66 ± 18 meV

Summer/Fall 2005: Studies Continued

Used Laser ion source in addition to surface source
26gAl beam intensity <~1010 /sec at Yield station

~ 7 weeks (4 in summer and 3 in fall)



• Measuring 
contaminants

•• 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 --> 3 ppm > 3 ppm 
•• 26m26mAl ~30 Al ~30 ppmppm

26Al

26Mg

26Na

β+

β−

Metastable state

1st ex state



• Average intensity 
3.4 x 109 ions/sec

• 256 hours taken: 
• 201 keV/u, 196 keV/u, 

225 keV/u (off-resonance)
• ~ 138 coinc. events
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• Average intensity 
3.4 x 109 ions/sec

• 256 hours taken: 
• 201 keV/u, 196 keV/u, 
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• Average intensity 
3.4 x 109 ions/sec

• 256 hours taken: 
• 201 keV/u, 196 keV/u, 

225 keV/u (off-resonance)
• ~ 138 coinc. events
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Off-resonance runs



E989 Summary

• Measured 188 keV resonance in 26gAl(p,γ)27Si in 
inverse kinematics

• Beam intensities up to 5 x 109 ions/sec utilised 
• Used combined surface and laser ion source
• > 130 coincident recoil events 
• Careful analysis will provide at least equivalent 

accuracy as 1989 measurement (± 20%)
• Preliminary results show disagreement (resonance 

energy and strength/lower) with Vogelaar results
• Paper in preparation 
• Target did not release short-lived Al products efficiently



25Al(p,γ)26Si

26mAl(p,γ)27Si



25Al(p,γ)26Si

• Only indirect studies have been performed to measure Γ, deduce ωγ
• Recent references (transfer reactions) include

- A. Parikh, et.al., PRC 71 (2005) 055804   [YALE]
- J. Caggiano, et.al., PRC 65 (2002) 055801  [YALE]
- Y. Parpottas, et.al., PRC 70 (2004) 065805  [Ohio]
- D. Bardayan, et.al., PRC 65 (2002) 032801 (R)  [HRIBF]

• Some dispute on key states/resonances (energy, spin, strength)
• New mass measurement of 26Si (effects resonance energy)
• Ex Jπ ER ωγ Ex Jπ ER ωγ

5672   1+ 159     1.1 neV 5670    1+ 152   32.5  nev
5915   0+ 403    .41 meV 5912    3+    394   0.19   meV
5946   3+ 434   .19 meV 5946    0+ 428  0.505 meV

• Need to develop intense (pure) beams 
- Present SiC ISOL target does not release aluminum   

sufficiently fast to allow optimal extraction of  aluminum reaction
products leading to beams of 25,26mAl.



26mAl(p,γ)27Si

• Little data available  on 
possible resonance 
states which would 
involve the low spin, 
metastable state

• New (3He,t) study at 
Yale [Ph.D. thesis];
Ex>7830; Q = 7692

27Al(3He,t)27Si*(p)26mAl

• Many new states (~30)

• More indirect studies 
are needed before 
direct studies can be 
attempted (elastic, 
transfer…)



40Ca(α,γ)44Ti
22Na(p, γ)23Mg
[ISAC/Univ. of Wash.]

12C(α,γ)16O

Time permitting



Cas A

CGRO 1.157 MeV

COMPTEL

40Ca(α,γ)44Ti
Important for production



Recent 40Ca + 4He Reaction Study;
Experiment: Activation followed by AMS determination

H. Nassar et al., Nucl. Phys. A 758 (2005) 411c
M. Paul, et al., Nucl. Phys. A718 (2003) 239c

Level Scheme and Results

Measured ωγ ~ 5 x Lit. values

literature



40Ca(α,γ)44Ti
E1024 – high priority
Christof Vockenhuber

Challenges:  
• 40Ca beam from Off-line Ion Source
• 2+ required for acceptance at RFQ (A/q<30)
• 40Ar contamination (measured with IC)
• reduced suppression of 40Ca beam, only ~107

• A/q ambiguities    44Ti11+  ↔ 40Ca10+
• charge state distribution after the gas target

Thin SiN CSB

Ion Chamber
Singles events

Ion Chamber
Gamma Coin.

AMS study ~8 x 10-10

To be continued to ~0.6 keV/u



12C(α,γ)16O

• Considered most important 
nuclear reaction in astrophysics 
and rate is still not well known

• DRAGON not well suited for 
full study but we have 
completed study of capture into 
6.049 MeV (0+) state from Ecm
= 2.22 – 5.42 MeV

• In certain energy region, data
and GEANT simulations 
agrees with recent Bochum
EuroJ publication of 
Schurmann et al. (2005)

• S6.0(300) = 24 ± 13 keV⋅b
•To be submitted for publ.

L. Buchmann



Motivation
• New excited state found in 23Mg (2004)
• Could be dominant res. in 22Na(p,γ)23Mg
• Most important reaction in determining abundance of 

cosmic gamma ray emitter 22Na (T1/2=2.6 y)
• Need to measure resonance strength
• 22Na target required rather than beam

Understanding novae;  22Na(p,γ)23Mg revisited
E1027   Jac Caggiano

Status
• Deposition process has been tested and it is understood. 
• Two targets (300 and 280 mCi) have been prepared 
and ready to use at U.Wash;  (~3 x 1015 22Na) 

• Expected measurement: ωγ=1 meV -> Y=1.02x10-12; 
with efficiency = 0.001, 10µA (p+) => 0.64 cnts/sec



DRAGON Collaboration (Present)

TRIUMF Research Scientists
Dave Hutcheon
Jac Caggiano
Lothar Buchmann
Art Olin (50%)
Joel Rogers (retired)
Marcello Pavan (10%)
Barry Davids (5 %)

Canadian Faculty
Alan Chen (MacMaster)

John D’Auria (SFU) (Emer.)
Ahmed Hussein (UNBC) (Emer)     

Non-Canadian Faculty
Major collaboraters

Peter Parker (Yale)
Uwe Greife (CSOM)
Alison Laird (York)

Visitors
Walter Kuchera (Vienna)
Michael Paul (Israel)
Mark Huyse (Leuven)
Brian Fulton (York)
David Jenkins (York)
Weiping Liu (Beiping)
Alex Murphy (Edinburgh)
Jordi Jose (Barcelona)
Dieter Frekers (Bochum)

Post-Doctoral Assoc.
Chris Ruiz  
Mike Trinczek
Christof Vockenhuber
Jonty Pearson (McM) 
Ruprecht Goetz
Cybele Jewett (CSOM)

Graduate Students
Present
Chris Ouellet (Macmaster)*
Anuj Parikh (Yale)*
Chris Wrede (Yale)
Catherine Diebel (Yale)     
Luke Ericsson (CSOM)     
Bing Guo (Beiping)



Concluding remarks

- Rates of production and destruction reactions for 
26Al still not known well.

- A direct study of 26gAl(p,γ)27Si has been done 
using DRAGON at ISAC.

- Other key reactions involving short lived, 
radioactive Al beams require indirect studies 
such as elastic/inelastic scattering and transfer 
reactions 

- Such studies can be done at REX-ISOLDE given 
appropriate beam developments


