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• The rate of the 12C + 12C fusion reaction is presently one of the most sought-after reaction rates in the study 
of nuclear astrophysics.

• Plays a very important role in many different stellar environments:
• hydrostatic carbon burning in massive stars 
• type Ia thermonuclear supernovas driven by explosive fusion near the core of the white dwarf star in accreting or 

merging binary systems 
• x-ray superbursts thought to be ignited by the carbon fusion reactions in the burning ashes of accumulated 

hydrogen and helium on the surface of accreting neutron stars
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• Fusion mechanism with 13C+12C using thick target activation method in collaboration with 
IMP Lanzhou, China (Zhang et al., Phys. Letters B 801 (2020))
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In beam irradiation, thick targets (Natural graphite disk ~ 1mm)

12C(13C,p) 24Na - T1/2 =15 h

13C  beam @ 5-25 μA, 4.6 – 11. MeV Lab 
(Ecm=2.3 – 5.4 MeV) 

E = 1369 keV
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Ec.m.= 2.3 
MeV

 ~ 140 pb
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Zhang et al., Phys. Letters B 801 (2020)

Factor of 100 better
sensitivity

Zhang (IFIN-HH) (activity)
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• The 12C + 16O reaction plays a particularly important role in both the carbon and oxygen burning phases 
of stars.

• It also may play a role in the ignition of explosive burning processes.

• More recently, a Trojan Horse Method
study was performed to evaluate the 
12C(16O, α)24Mg and 12C(16O, p)27Al reactions
at astrophysical energies by studying the
16O(14N, α 24Mg)2H and 16O(14N, p 27Al)2H 
three-body reactions.

• Analysis is ongoing



• Primarily targets were produced for an ongoing study on ion-ion fusion reactions 
at sub-Coulomb barrier energies

- using activation method (preferrably thick targets, but thin were tested too)
• Goals: first and foremost, durable under beam currents > 1-5 pμA and irradiations 

longer than 1 hr and handling (transportation over large distances)

Reaction 
to study

Method Target 
material

Thickness Production 
method

Tested with Result

13C + 16O 16O beam 
on 13C 
targets

13C powder 
(on Ta 
backing 
3mg/cm2)

~130-150 
nm*
(~30μg/cm2)

PVD 16O beam 
[various 
intensities],
RBS, SEM

Did not hold for irradiations 
with I > 1 pμA
Complete deterioration in 
beam spot area
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Reaction 
to study

Method Target 
material

Thickness Production 
method

Tested with Result

13C + 16O 13C beam on  
16O targets

CeO2
powder

1 mm
(0.8-1 
g/cm2)

Tablet 
pressing*

13C beam, 
SEM

Can hold for max 1 hr irradiations 
and I < 7 μA 
Crack under temperature changes 
even with target cooling

* fragile when handled

• Primarily targets were produced for an ongoing study on ion-ion fusion reactions 
at sub-Coulomb barrier energies

- using activation method (preferrably thick targets, but thin were tested too)
•  Goals: first and foremost, durable under beam currents > 1-5 pμA and irradiations 

longer than 1 hr and handling (transportation over large distances)
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Elab =15.6 MeV
Elab = 9.6 MeV
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16O(13C,p) 28Al ( )

16O(13C,2p) 27Mg ( )
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~ factor of 1000 background 
reduction
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ELab = 11 MeV  
tirr = 1 hr and tdecay = 25 min

28Al -> 28Si(1.78 MeV)

ELab = 8.4 MeV  
tirr = 1 hr and tdecay = 10 min
3 measurements



Reaction 
to study

Method Target 
material

Thickness Production 
method

Tested 
with

Result

13C + 16O 13C beam 
on  16O 
targets

Ta2O5 Several
(< 0.5 
mg/cm2)

Anodization 
of Ta foil in 
water

13C beam, 
RBS

Good uniformity, large 
number of O atoms, 
easy handling
Did not hold for 
irradiations with I > 1 
pμA

• Primarily targets were produced for an ongoing study on ion-ion fusion reactions 
at sub-Coulomb barrier energies

- using activation method (preferrably thick targets, but thin were tested too)
•  Goals: first and foremost, durable under beam currents > 1-5 pμA and irradiations 

longer than 1 hr and handling (transportation over large distances)



Reaction 
to study

Method Target 
material

Thickness Production 
method

Tested 
with

Result

13C + 16O 13C beam 
on  16O 
targets

WO3 (on 
Ta 
backing)*

~ 240 nm
(~200 μg/cm2)

PVD 13C beam, 
RBS

Good uniformity, large number of O 
atoms, easy handling

Did not hold for irradiations with I > 
1 pμA

• Primarily targets were produced for an ongoing study on ion-ion fusion reactions 
at sub-Coulomb barrier energies

- using activation method (preferrably thick targets, but thin were tested too)
•  Goals: first and foremost, durable under beam currents > 1-5 pμA and irradiations 

longer than 1 hr and handling (transportation over large distances)

* targets tested as part of TNA experiment 
(proposal 23203309-ST for Dec 2023)
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19F(12C,2p) 29Al - T1/2 = 6.5 min

19F(13C,2α) 24Na - T1/2 = 15 hrs



Reaction 
to study

Method Target 
material

Thickness Production 
method

Tested 
with

Result

13C + 19F 13C beam 
on  19F 
targets

LiF
powder

1 mm Tablet 
pressing*

13C beam Overwhelming contamination in prompt 
spectra from reactions on Li
(that also produced dangerous rates in 
the detector)
Did not hold for irradiations with I > 1 μA 
and longer than 1 hr

* fragile when handled

• Primarily targets were produced for an ongoing study on ion-ion fusion reactions 
at sub-Coulomb barrier energies

- using activation method (preferrably thick targets, but thin were tested too)
•  Goals: first and foremost, durable under beam currents > 1-5 pμA and irradiations 

longer than 1 hr and handling (transportation over large distances)
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Reaction 
to study

Method Target 
material

Thickness Production 
method

Tested 
with

Result

13C + 19F 13C beam 
on  19F 
targets

BaF2
powder

1 mm Tablet 
pressing*

13C beam Did not hold for 
irradiations with I > 1 μA 
and longer than 1 hr

* very fragile when handled

• Primarily targets were produced for an ongoing study on ion-ion fusion reactions 
at sub-Coulomb barrier energies

- using activation method (preferrably thick targets, but thin were tested too)
•  Goals: first and foremost, durable under beam currents > 1-5 pμA and irradiations 

longer than 1 hr and handling (transportation over large distances)
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19F(12C,2p) 29Al - T1/2 = 6.5 min

19F(13C,2α) 24Na - T1/2 = 15 hrs
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Contributing Reaction

30Si 19F + 12C → 29Si + p 
19F + 13C → 29Si + d

29Si 19F + 12C → 29Si + d 
19F + 13C → 29Si + t

28Si 19F + 12C → 28Si + t 
19F + 13C → 28Si + nt

27Al 19F + 12C → 27Al + α 
19F + 13C → 27Al + nα

26Al 19F + 12C → 26Al + nα 
19F + 13C → 26Al + 2nα

26Mg 19F + 12C → 26Mg + pα 
19F + 13C → 26Mg + dα

23Na 19F + 12C → 23Na + 2α 
19F + 13C → 23Na + n2α

- In order to obtain the total fusion cross-section and perform fusion model calculations, we need channel branching factors
- We have received beamtime from Chetec-INFRA TNA through proposal by X.D. Tang that will focus on prompt 
measurements at higher energies with the goal of disentangling the reactions channels from the separate isotopes 12C and 13C.
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• Thick target activation method + Salt mine/BEGA can be used to reach the 
Gamow window

• finalize analysis of data for both 13C+16O and 13C+19F
• statistical model calculations to determine the contribution of each reaction channel to 

the total fusion cross-section
• perform measurements in the Salt mine for the 24Na channel to reach the Gamow 

window
• target testing and characterization for use in this and other studies

• collab with X.D. Tang (IMP Lanzhou) through Chetec-INFRA - 13C-enriched targets

• The overall goal is to obtain experimental information about interaction 
mechanisms in light ion-ion fusion reactions

• General effects
• Nuclear structure effects: clusterization, deformations, level densities
• At theory level: info on interaction potentials (OMP) for very low energies
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