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First radioactive-beam data from the array

TIGRESS detectors

TRIUMF-ISAC Gamma-Ray Es-

cape Suppressed Spectrometer:

Array of 12 HPGe γ detectors

(summer 2010).

4 individual crystals in each

detector.

Segmented contacts.

Digital electronics with pulse

shape analysis for Doppler

shift corrections.

C. Aa. Diget Silicon Highly-segmented Array for Reactions and Coulex

Nova / X-ray burst illustration:  David Hardy/PPARC

• Stellar explosions and 
reaction rates

• Experiment: reactions, 
instrumentation, and data

• Prospects for RIB cluster-
transfers for astrophysics

Christian Aa. Diget and Phillip Adsley,
DREB, 26th March 2012

In collaboration with:
L. Achouri, G.C. Ball, J.C. Blackmon, J.R. Brown, W.N. Catford, R.M. Churchman, D. 
Cross, S.P. Fox, B.R. Fulton, A. Garnsworthy, G. Hackman, U. Hager, L. Linhardt, M. 
Matos, N.A. Orr, C.J. Pearson, M. Pearson, F. Sarazin, D. Smalley, C.E. Svensson, E. 
Tardiff, S. Williams, and G.L. Wilson.



• Novae and X-ray bursts
• Thermo-nuclear run-away on 

surface of white dwarf / neutron 
star in binary system

• Fuelled by material from red-giant 
companion

• Recurrent in time scales of hours-
days (X-ray bursts) up to 104-105 
years (classical novae)

15 months                22 months

• Nova-ejecta (Cygni-1992) observed 
by Hubble 1993,1994 (d = 103 a.u.)

• Gamma-ray telescopes:
COMPTEL/INTEGRAL, FERMI/GLAST

Color Plates 641

Fig. 11 All-sky image of 26Al γ-ray emis-
sion at 1809 keV as derived from a 9-year
survey of the COMPTEL instrument on-
board the Compton Gamma Ray Obser-
vatory (CGRO). The entire sky is seen
projected on a coordinate system that is
centered on our Galaxy with the galactic
plane running horizontally across the mid-

dle of the image. Gamma-ray intensity is
represented by a false color map - green
(low) to yellow (high). It has been estimated
that the Galaxy produces 26Al at a rate of
about two solar masses per million years.
Reprinted with permission from S. Plüschke,
R. Diehl, V. Schönfelder, et al., ESA SP 459,
55 (2001).Reactions in inverse kinematics

Dr. C.Aa. Diget
Indirect studies of astrophysical
reaction rates, C.Aa. Diget

Novae and X-ray bursts

Nova / X-ray burst illustration:  David Hardy/PPARC;
F. Paresce, R. Jedrzejewski (STScl-1994-06), NASA/ESA; Clayton & 

Hoyle., APJ, 187:L101 (1974); S. Plüschke, et al., in Exploring the 
Gamma-Ray Universe, 459:55 (2001)
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Reactions in inverse kinematics
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reaction rates, C.Aa. Diget

Nuclear measurements of Hot-CNO breakout
• The CNO and Hot-CNO cycles

• Build-up of waiting-point nuclei in 
novae and X-ray bursts:
14O, 15O, and 18Ne

• Breakout from Hot-CNO cycles:
• 15O(α,γ)19Ne
• 18Ne(α,p)21Na
• 14O(α,p)17F

• Followed by rp- and (α,p) processes:
• 23Mg(p,γ)24Al

• Resonant reaction rates:

• Gamow-window: 0.7–2.0 MeV 
resonance energy for α-induced (Γα-
limited) reactions at temperatures of 
0.5–1.5 GK.

Wiescher, et al. JPG, 25:R133 (1999)
H.  Schatz, NSCL-MSU

Rauscher, Phys. Rev. C, 81:045807 (2010)

Topical review R143

Figure 6. The figure shows the characteristic hot (or β-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 200 s and a total energy release of

QCNO = 26.7 MeV to

�HCNO = 4.6× 1015ZCNO (erg g−1 s−1) (8)

whereZCNO is the mass fraction of the CNOmaterial and≈50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO

�HCNO

≈ 1000

ZCNO

(s) (9)

withECNO = 4.51×1018 erg g−1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⊙ = 0.02, ZCNO = 0.72 · Z⊙).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the β-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow β-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5×108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow β-decay of the highly enriched 14O and 15O isotopes.
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Figure 6. The figure shows the characteristic hot (or β-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 200 s and a total energy release of

QCNO = 26.7 MeV to

�HCNO = 4.6× 1015ZCNO (erg g−1 s−1) (8)

whereZCNO is the mass fraction of the CNOmaterial and≈50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO
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≈ 1000

ZCNO

(s) (9)

withECNO = 4.51×1018 erg g−1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⊙ = 0.02, ZCNO = 0.72 · Z⊙).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the β-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow β-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5×108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow β-decay of the highly enriched 14O and 15O isotopes.

Wiescher, et al. JPG, 25:R133 (1999)

Breakout from CNO-cycles:
14O(α, p)17F
15O(α, γ)19Ne
18Ne(α, p)21Na

Resonant reaction rate:

(2J + 1)
ΓαΓp

Γtot
exp(− Er

kBT
)

Gamow-window: 0.7–2.0 MeV
resonance energy for
temperatures of 0.5–1.5 GK.
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The Gamow-peak for astrophysical reaction rates
3.2 Nonresonant and Resonant Thermonuclear Reaction Rates 175

Fig. 3.12 (a) Maxwell–Boltzmann factor
(e−E/kT ; dashed line) and Gamow factor
(e−2πη ; dashed-dotted line) versus energy
for the 12C(α,γ)16O reaction at a temperature
of T = 0.2 GK. The product e−E/kTe−2πη ,
referred to as the Gamow peak, is shown
as solid line. (b) The same Gamow factor

shown on a linear scale (solid line). The
maximum occurs at E0 = 0.32 MeV while
the maximum of the Maxwell–Boltzmann
distribution is located at kT = 0.017 MeV
(arrow). The dotted line shows the Gaussian
approximation of the Gamow peak.

The location E0 of the maximum of the Gamow peak can be found from the
first derivative of the integrand in Eq. (3.72) with respect to E,
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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ
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γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ
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MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
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targets because of the larger Coulomb barrier. The increasing
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Figure 6. The figure shows the characteristic hot (or β-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 200 s and a total energy release of

QCNO = 26.7 MeV to

�HCNO = 4.6× 1015ZCNO (erg g−1 s−1) (8)

whereZCNO is the mass fraction of the CNOmaterial and≈50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO

�HCNO

≈ 1000

ZCNO

(s) (9)

withECNO = 4.51×1018 erg g−1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⊙ = 0.02, ZCNO = 0.72 · Z⊙).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the β-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow β-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5×108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow β-decay of the highly enriched 14O and 15O isotopes.

Wiescher, et al. JPG, 25:R133 (1999)

Breakout from CNO-cycles:
14O(α, p)17F
15O(α, γ)19Ne
18Ne(α, p)21Na

Resonant reaction rate:

(2J + 1)
ΓαΓp

Γtot
exp(− Er

kBT
)

Gamow-window: 0.7–2.0 MeV
resonance energy for
temperatures of 0.5–1.5 GK.
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Direct and indirect reaction rate studies
Direct measurement:

• Resonant reaction measurement 
with intense RIB:
• Separator or silicon array depending on 

the reaction

Indirect, determining Er, Jπ, Γx:

• Er, Jπ from direct reaction studies 
(angular distributions)

• Widths (the smaller partial width):
• Measuring both Bx and τ for states 

down to τ ~ 10 fs
• Deduced from time-reversed 

reaction, e.g. (p,α) instead of (α,p)
• Using measured α-spectroscopic 

factors in mirror α-transfer to infer 
Γα from mirror symmetry

• Measuring α-spectroscopic factors 
with RIB α-transfer to deduce Γα
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Figure 6. The figure shows the characteristic hot (or β-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 200 s and a total energy release of

QCNO = 26.7 MeV to

�HCNO = 4.6× 1015ZCNO (erg g−1 s−1) (8)

whereZCNO is the mass fraction of the CNOmaterial and≈50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO

�HCNO

≈ 1000

ZCNO

(s) (9)

withECNO = 4.51×1018 erg g−1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⊙ = 0.02, ZCNO = 0.72 · Z⊙).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the β-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow β-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5×108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow β-decay of the highly enriched 14O and 15O isotopes.

Wiescher, et al. JPG, 25:R133 (1999)
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C. Aa. Diget From nuclear reactions to astrophysics

Nuclear astrophysics with radioactive ion beams

Direct measurements

Indirect measurements

Astronomy, Astrophysics and Nuclear physics

Nuclear reactions

Experimental approach

The Gamow-peak for astrophysical reaction rates
3.2 Nonresonant and Resonant Thermonuclear Reaction Rates 175

Fig. 3.12 (a) Maxwell–Boltzmann factor
(e−E/kT ; dashed line) and Gamow factor
(e−2πη ; dashed-dotted line) versus energy
for the 12C(α,γ)16O reaction at a temperature
of T = 0.2 GK. The product e−E/kTe−2πη ,
referred to as the Gamow peak, is shown
as solid line. (b) The same Gamow factor

shown on a linear scale (solid line). The
maximum occurs at E0 = 0.32 MeV while
the maximum of the Maxwell–Boltzmann
distribution is located at kT = 0.017 MeV
(arrow). The dotted line shows the Gaussian
approximation of the Gamow peak.

The location E0 of the maximum of the Gamow peak can be found from the
first derivative of the integrand in Eq. (3.72) with respect to E,
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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2  2.5  3  3.5  4

(a
rb

. u
ni

ts
)

Ec.m. [MeV]

24Mg(α,γ) integrand
24Mg(α,γ) Gauss approx

27Al(p,γ) integrand
27Al(p,γ) Gauss approx

FIG. 5. Comparison of actual reaction rate integrand F and
Gaussian approximation of the Gamow window for the reactions
24Mg(α,γ )28Si at T = 2.5 GK and 27Al(p,γ )28Si at T = 3.5 GK.
The integrands and Gaussians have been arbitrarily scaled to yield
similar maximal values.

045807-4

Rauscher, PRC, 81:045807 (2010)

Resonant cross sections

include Gamow-factor

Gamow-peak determines

which resonances

contribute

Weakest channel determines

σ(E) ∝ ΓinitialΓfinal
Γtotal

Gamow-factor assumes

s-wave capture

Only correct when weak

channel is charged-particle

channel

C. Aa. Diget Nuclear astrophysics with radioactive ion beams

Nuclear astrophysics with radioactive ion beams

Direct measurements

Indirect measurements

Astronomy, Astrophysics and Nuclear physics

Nuclear reactions

Experimental approach

The Gamow-peak for astrophysical reaction rates
3.2 Nonresonant and Resonant Thermonuclear Reaction Rates 175

Fig. 3.12 (a) Maxwell–Boltzmann factor
(e−E/kT ; dashed line) and Gamow factor
(e−2πη ; dashed-dotted line) versus energy
for the 12C(α,γ)16O reaction at a temperature
of T = 0.2 GK. The product e−E/kTe−2πη ,
referred to as the Gamow peak, is shown
as solid line. (b) The same Gamow factor

shown on a linear scale (solid line). The
maximum occurs at E0 = 0.32 MeV while
the maximum of the Maxwell–Boltzmann
distribution is located at kT = 0.017 MeV
(arrow). The dotted line shows the Gaussian
approximation of the Gamow peak.

The location E0 of the maximum of the Gamow peak can be found from the
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to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
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no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 200 s and a total energy release of

QCNO = 26.7 MeV to

�HCNO = 4.6× 1015ZCNO (erg g−1 s−1) (8)

whereZCNO is the mass fraction of the CNOmaterial and≈50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO

�HCNO

≈ 1000

ZCNO

(s) (9)

withECNO = 4.51×1018 erg g−1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⊙ = 0.02, ZCNO = 0.72 · Z⊙).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the β-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow β-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5×108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow β-decay of the highly enriched 14O and 15O isotopes.

Wiescher, et al. JPG, 25:R133 (1999)
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• Breakout from Hot-CNO cycles:
• 15O(α,γ)19Ne
• 18Ne(α,p)21Na
• 14O(α,p)17F

• Followed by rp- and (α,p) processes:
• 23Mg(p,γ)24Al

Jenkins, DREB-2012
Tan et al., Phys. Rev. C, 79:055805 (2009)

Kanungo et al., Phys. Rev. C, 74:045803 (2006) 
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Utilising RIB transfer reactions in inverse kinematics

Inverse kinematics transfer 
reactions to populate states of 
interest in 22Mg and 24Al with 
detection of subsequent decay 
channels:

• For the 18Ne(α,p)21Na reaction:
• 6Li(20Na,α)22Mg(,pγ)21Na

• For the 23Mg(p,γ)24Al reaction:
• 6Li(20Na,d)24Al(,γ)24Al
• 6Li(20Na,d)24Al(,pγ)23Mg

• Measuring angular distributions 
for the light ejectile

• Potentially angular correlations 
between the ejectile and the 
secondary particle (p or γ)

• Compact particle detector array 
around interaction point
• Particle spectroscopy
• Ejectile PID from dE-E

• HPGe γ-ray spectrometer
• high-resolution spectroscopy 

from γ-ray detection



Nuclear Astrophysics
C.Aa. Diget

RIB production at TRIUMF
• TRIUMF facility, Vancouver 

(Cyclotron primary beam):
• 500-MeV 100-μA 

continuous proton beam

• ISAC (Isotope Separator 
and Accelerator):
• RIB production targets: 

Ta, Ni, ZiC, SiC, UCx, UO
• Chemical selectivity from 

ion sources: Surface, 
laser, electron plasma

• Magnetic separation of 
beams (A/q)

• Super-conducting Linac 
(10.0 MeV/u)

• Intense RIBs for direct 
reactions

Bricault et al. NIMB, 126:231 (1997)
Laxdal, et al., proc. of LINAC08, p. 97 (2008)



Astrophysics and nuclear structure

RIB studies using TIGRESS/SHARC

Summary

TIGRESS/SHARC setup

SHARC performance analysis

First radioactive-beam data from the array

TIGRESS/SHARC detector overview

C. Aa. Diget Silicon Highly-segmented Array for Reactions and Coulex
Reactions in inverse kinematics
Dr. C.Aa. Diget

Indirect studies of astrophysical
reaction rates, C.Aa. Diget

Compact setup for reaction studies: TIGRESS/SHARC
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The TIGRESS gamma-ray detector system

• TIGRESS: TRIUMF-ISAC Gamma-Ray 
Escape-Suppressed Spectrometer:
• Array of 10-12 HPGe gamma 

detectors.
• 4 crystals with segmented contacts.
• Doppler corrected energies from 

position measurement.
• Efficiency: 5% at 4 MeV.
• Doppler corrected gamma resolution:

with pulse-shape analysis we have
FWHM < 1% for 10 MeV/u RIB.
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Sharc: Silicon Highly-segmented Array for Reactions and Coulex

• SHARC: Silicon Highly-segmented Array 
for Reactions and Coulex:
• Upstream and downstream boxes 

(45-80 and 95-135 deg).
• Upstream and downstream CDs 

(10-40 and 140-170).
• dE-E for all angles 0-135 deg lab
• Ranges: 14 MeV, 35 MeV, 180 MeV, 

600 MeV
• Energy resolution (Digital, Moving 

Window Deconvolution):
25 keV FWHM.
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6Li(20Na,α)22Mg(,pγ)21Na and 6Li(20Na,d)24Al(,pγ)23Mg

P. Adsley, University of York

• SHARC+TIGRESS
• 200μm 6LiF target
• 20Na at 6MeV/u

• dE-E (140μm + 1000μm silicon)
• Ranges: 14 MeV, 35 MeV, 180 MeV, 

600 MeV
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6Li(20Na,α)22Mg(,pγ)21Na and 6Li(20Na,d)24Al(,pγ)23Mg

P. Adsley, University of York
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• SHARC+TIGRESS
• 200μm 6LiF target
• 20Na at 6MeV/u

• dE-E (140μm + 1000μm silicon)
• Ranges: 14 MeV, 35 MeV, 180 MeV, 
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TIGRESS γ-ray spectrometer, 6Li(20Na,α)22Mg:
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P. Adsley, University of York

• Alpha-gated γ-ray spectrum 
• 200μm 6LiF target

• 20Na at 6MeV/u

• BGO-suppressed
• Crystal-crystal

addback
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TIGRESS γ-ray spectrometer, 6Li(20Na,α)22Mg:
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• Alpha-gated γ-ray spectrum 
• 200μm 6LiF target

• 20Na at 6MeV/u

• BGO-suppressed
• Crystal-crystal

addback

• Doppler-corrected
assuming direct
reaction on 6Li

• Only corrected at the
individual-crystal level

• Strong fusion-evaporation and
random coincidences with β-delayed
γ rays and 511-keV β+ annihilation

• Work on timing gates ongoing
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TIGRESS γ-ray spectrometer, 6Li(20Na,α)22Mg:
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TIGRESS γ-ray spectrometer, p(20Na,p’)20Na(,γ)

P. Adsley, University of York

• Proton-gated γ-ray spectrum:
20Na(p,p’)20Na*(,γ)

• Adsorbed water
• Limited kinematic acceptance
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TIGRESS γ-ray spectrometer, p(20Na,p’)20Na(,γ)
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• Proton-gated γ-ray spectrum:
20Na(p,p’)20Na*(,γ)

• Adsorbed water
• Limited kinematic acceptance

• γ-gated coincidence spectrum:
199-keV γ-ray from 20Na second 
excited state
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TIGRESS γ-ray spectrometer, p(20Na,p’)20Na(,γ)
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• Proton-gated γ-ray spectrum:
20Na(p,p’)20Na*(,γ)

• Adsorbed water
• Limited kinematic acceptance

• γ-gated coincidence spectrum:
199-keV γ-ray from 20Na second 
excited state

• Expected (p,p’) kinematics
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6Li(20Na,d)24Al(,pγ)23Mg for 23Mg(p,γ)24Al states

P. Adsley, University of York

Energy / keV
0 500 1000 1500 2000 2500

C
ou

nt
s

0

20

40

60

80

100

Deuteron-gated doppler-corrected gamma spectrumDeuteron-gated doppler-corrected gamma spectrum

• Deuteron-gated γ-ray spectrum:
6Li(20Na,d)24Al*(,p)23Mg*(,γ)23Mg

• 23Mg first-excited state (451 keV)
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• Deuteron-gated γ-ray spectrum:
6Li(20Na,d)24Al*(,p)23Mg*(,γ)23Mg

• 23Mg first-excited state (451 keV)

• γ-gated (451-keV)
deuteron kinematics
corresponding to 24Al states
above 3MeV as expected
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?

Predicted low-lying
24Al γ-ray energies

• Deuteron-gated γ-ray spectrum:
6Li(20Na,d)24Al*(,p)23Mg*(,γ)23Mg

• 23Mg first-excited state (451 keV)

• 24Al γ-rays for Ex<3MeV
Low statistics necessitates
Doppler optimisation (in progress)  

• γ-gated (451-keV)
deuteron kinematics
corresponding to 24Al states
above 3MeV as expected
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Direct-reaction studies to determine Γα
Indirect reaction-rate studies, 
determining Γα:
• Widths (Γα is the smallest width):

• Using measured α-spectroscopic 
factors in mirror α-transfer to infer 
Γα from mirror symmetry

• Measuring α-spectroscopic factors 
with RIB α-transfer to deduce Γα

• Hot-CNO breakout reactions:
• 15O(α,γ)19Ne
• 18Ne(α,p)21Na
• 14O(α,p)17F

p

tot
exp(− Er

kBT
)

Weakest channel determines

∝ ΓinitialΓfinal
Γtotal

Weakest channel determines

σ(E) ∝ (2J + 1)
Γ

Jenkins, DREB-2012
Tan et al., Phys. Rev. C, 79:055805 (2009)

Kanungo et al., Phys. Rev. C, 74:045803 (2006) 
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Direct-reaction studies to determine Γα
Indirect reaction-rate studies, 
determining Γα:
• Widths (Γα is the smallest width):

• Using measured α-spectroscopic 
factors in mirror α-transfer to infer 
Γα from mirror symmetry

• Measuring α-spectroscopic factors 
with RIB α-transfer to deduce Γα

• Hot-CNO breakout reactions:
• 15O(α,γ)19Ne
• 18Ne(α,p)21Na
• 14O(α,p)17F

p

tot
exp(− Er

kBT
)

Weakest channel determines

∝ ΓinitialΓfinal
Γtotal

Weakest channel determines

σ(E) ∝ (2J + 1)
Γ

• Γα for Hot-CNO breakout reactions:
• 7Li(15O,tγ)19Ne
• 7Li(18Ne,tp)21Na
• 7Li(14O,tp)17F

• Γα for (α,p) reactions up to 40Ca
• Parallel studies on mirror nuclei
• Possibly including (6Li,d)

Jenkins, DREB-2012
Tan et al., Phys. Rev. C, 79:055805 (2009)

Kanungo et al., Phys. Rev. C, 74:045803 (2006) 
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Indirect reaction-rate studies, 
determining Γα:
• Widths (Γα is the smallest width):

• Using measured α-spectroscopic 
factors in mirror α-transfer to infer 
Γα from mirror symmetry

• Measuring α-spectroscopic factors 
with RIB α-transfer to deduce Γα

• Hot-CNO breakout reactions:
• 15O(α,γ)19Ne
• 18Ne(α,p)21Na
• 14O(α,p)17F
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Weakest channel determines
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Weakest channel determines
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Γ

• Γα for Hot-CNO breakout reactions:
• 7Li(15O,tγ)19Ne
• 7Li(18Ne,tp)21Na
• 7Li(14O,tp)17F

• Γα for (α,p) reactions up to 40Ca
• Parallel studies on mirror nuclei
• Possibly including (6Li,d)

Jenkins, DREB-2012
Tan et al., Phys. Rev. C, 79:055805 (2009)

Kanungo et al., Phys. Rev. C, 74:045803 (2006) 

• Intense radioactive ion-beams 
necessary: 106-108 pps depending 
on reaction. Beams under 
development at:
TRIUMF ISAC-II
HIE-ISOLDE
SPIRAL-2



•Hot CNO breakout reaction 
rates for X-ray bursts - and 
possibly Novae

• States for the 18Ne(α,p)21Na, 
and 23Mg(p,γ)24Al reactions 
searched for through the
6Li(20Na,x) reaction

• Prospects for RIB cluster-
transfers for astrophysics, 
particularly α-transfer
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Investigating stellar explosions
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