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Motivation and Astrophysical 
Background

● Uncertainty in explosion mechanism 
of core collapse supernovae (CCSN)

● New insight – observing abundances 
of 44Ti cosmic γ rays (t1/2 = 60 yr) – 
INTEGRAL

● Mass cut point of the star can be 
found – key hydrodynamic property 
of supernovae

● Road block! – uncertainty in nuclear 
reactions that destroy 44Ti – most 
notably 45V(p,γ)46Cr

Bill Saxton (NRAO/AUI/NSF)

2SA Grebenev et al. Nature 490(7420) (2012), p.373–375.



  

Importance of 45V(p,γ)46Cr for 44Ti 
Destruction – α-rich Freeze Out

● Shock wave breaks nuclei into free 
nucleons and α particles

● T ↓ – Reassemble back into nuclei
● Cluster of nuclei around f7/2 shell in 

equilibrium  

 ↓ – Isotone chain N=22 separates to 
form its own (p,γ) equilibrium

p-capture on 45V importance identified 
in sensitivity studies [1] – high Q value
44Ti and 45V cut off from the rest of 
N=22 isotone chain – abundance 
determined at freeze out  
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https://www.nndc.bnl.gov/



  

Importance of 45V(p,γ)46Cr for 44Ti 
Destruction – α-rich Freeze Out

3

● Shock wave breaks nuclei into free 
nucleons and α particles

● T ↓ – Reassemble back into nuclei
● Cluster of nuclei around f7/2 shell in 

equilibrium  

T ↓ – Isotone chain N=22 separates to 
form its own (p,γ) equilibrium

p-capture on 45V importance identified 
in sensitivity studies [1] – high Q value
44Ti and 45V cut off from the rest of 
N=22 isotone chain – abundance 
determined at freeze out  



  

Importance of 45V(p,γ)46Cr for 44Ti 
Destruction – α-rich Freeze Out

3

● Shock wave breaks nuclei into free 
nucleons and α particles

● T ↓ – Reassemble back into nuclei
● Cluster of nuclei around f7/2 shell in 

equilibrium  
● T ↓ – Isotone chain N=22 separates to 

form its own (p,γ)-(γ,p) equilibrium

p-capture on 45V importance identified 
in sensitivity studies [1] – high Q value
44Ti and 45V cut off from the rest of 
N=22 isotone chain – abundance 
determined at freeze out  



  [1] G. Magkotsios et al. The Astrophysical Journal 
Supplement Series 191.1 (2010), p. 66. 3

Importance of 45V(p,γ)46Cr for 44Ti 
Destruction – α-rich Freeze Out

● Shock wave breaks nuclei into free 
nucleons and α particles

● T ↓ – Reassemble back into nuclei
● Cluster of nuclei around f7/2 shell in 

equilibrium  
● T ↓ – Isotone chain N=22 separates to 

form its own (p,γ)-(γ,p) equilibrium
● p-capture on 45V importance identified 

in sensitivity studies [1] – high Q value
44Ti and 45V cut off from the rest of 
N=22 isotone chain – abundance 
determined at freeze out  



  [1] G. Magkotsios et al. The Astrophysical Journal 
Supplement Series 191.1 (2010), p. 66. 3

Importance of 45V(p,γ)46Cr for 44Ti 
Destruction – α-rich Freeze Out

● Shock wave breaks nuclei into free 
nucleons and α particles

● T ↓ – Reassemble back into nuclei
● Cluster of nuclei around f7/2 shell in 

equilibrium  
● T ↓ – Isotone chain N=22 separates to 

form its own (p,γ)-(γ,p) equilibrium
● p-capture on 45V importance identified 

in sensitivity studies [1] – high Q value
● 44Ti and 45V cut off from the rest of 

N=22 isotone chain – abundance 
determined at freeze out  



  

Finding the Reaction Rate
● Reaction governed by low-spin resonant states above proton separation energy 

(Sp = 4882(22) keV)

● Performing γ-ray spectroscopy of 46Cr – identifying proton-unbound resonant 
states

● Use resonant energies and spins to place constraints on 45V(p,γ)46Cr stellar 
reaction rate in CCSN 
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Experimental Set-Up
● GRETINA+FMA, ATLAS 

facility, Argonne National 
Lab, March 2021
• 120 MeV 36Ar beam 
• ~200 μg.cm-2 thick 12C 

target 
• Produces 46Cr in excited 

states via fusion-
evaporation
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Fusion-Evaporation Channels
● Can’t measure directly – 

45V t1/2 ~ 500 ms 

● Fusion-evaporation 
reaction – 
12C(36Ar,2n)46Cr

● Other channels dominate 
this reaction – p-rich side 
of stability

● Contamination from 
oxygen on target – 
significant production of 
49Cr

Channel Mode Yield (%)

46Ti 2p 28.6

46V pn 18.5

45Ti 2pn 16.9

43Sc αp 16.4

40Ca 2α 9.02

⁞ ⁞ ⁞

46Cr 2n 0.025

Calculations provided by PACE4 
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GRETINA
● State-of-the-art HPGe γ ray detector array
● Detect prompt γ rays in coincidence with 

recoils
● γ-ray tracking – reconstructs Compton 

scattered γ-rays – high efficiency
● Operated with 11 modules, total of 44 crystals

7
S. Paschalis et al. Nuclear Instruments and Methods in 

Physics Research Section A 709 (2013), p.44-55.



  

FMA
● Separates recoils 

by mass/charge 
(A/Q) at the focal 
plane

● Ionisation chamber 
– identify recoil 
isotopes by their Z
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https://www.anl.gov/phy/fragment-mass-analyzer



  

Z and A/Q Gate
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TOF Gate
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x and TOF gated
x gated

Correction for 
recoil energy

46Cr TOF
 against x

46Cr Corrected TOF
 against x

E
γ
 (keV) % reduced using x and TOF

1120 (46Ti) 69(2)

424 (46V) 40.5(4)



  

Mirror Nucleus Comparison

Garrett, P. E., et al. PRC 75.1 (2007): 014307.

(Z=24, N=22) (Z=22, N=24)
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T = 1, A = 46 Mirror Pair



  

Results – Previous Studies Comparison
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Results – Resonance States
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Results – Resonance States

14

46Cr (top) & 46Ti (bottom)
2

1
+ → 0

1
+ Gate

*

*

*



  

Results – Resonance States
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Results – Partial Level Scheme
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Results – Reaction Rate
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Results – Reaction Rate
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Summary and Future Work 
● 45V(p,γ)46Cr reaction rate is key to the destruction of 44Ti during the α-

rich freeze-out of CCSN
● First identification of 17 γ-rays, leading to observation of 10 proton-

unbound states in 46Cr
● Towards upper limit of previously known rate – more 44Ti flows out of 

44Ti-45V cluster

● Finalise reaction rate; compare resonance states to shell model 
calculations

● Transfer reaction to get C2S, mass measurement of 46Cr 
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PACE4 Calculations
On 12C On 16O



  

TOF Dependence on Recoil Energy
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Decay Channels
● Why neutron-deficient compound nuclei emit neutron over protons in fusion-evaporation

Nuclear structure studies of high-spin states with large arrays, Regan 2016
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