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No-core shell model with continuum (NCSMC)

• Describes both bound and scattering states

• Wave function expanded in terms of NCSM eigenstates and NCSM/RGM
binary-cluster states:
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r ... parameter coordinate playing role of distance between clusters
uν(r) ... continuous amplitudes representing intercluster relative motion

• For scattering states asymptotic form of uν(r) determines scattering matrix
→ eigenphase shifts, properties of resonances, cross sections

• Distribution of nucleons between clusters is called ”mass partition”



NCSMC calculations for 7Li

• Motivation: nuclear astrophysics, primordial nucleosynthesis,
3H for fusion energy generation via 6Li(n,3H)4He

• We couple mass partitions 6Li + n and 6He + p

• Coupling of mass partitions allows for calculation of
charge-exchange reaction 6Li(n, p)6He

• Chiral N3LO nucleon-nucleon interaction used, 3-nucleon
interaction neglected



Bound-state energies for 7Li

• Good agreement between calculated and experimental energies
• Results independent of mass partition - bound states well described by NCSM



Reproduced resonances in 7Li

• Experimentally observed resonances reproduced in correct order
• Results depend on mass partition
• Discrepancy between calculated and experimental widths (except 1/2−2 )



Predicted resonances in 7Li

• Two 1/2−, three 3/2−, three 5/2− and one 1/2+ resonances predicted
• Results depend on mass partitions, effect of coupling



1/2+ eigenphase shift and diagonal phase shifts
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• Previous NCSMC calculations [1] neglecting coupling of mass partitions predict S-wave 1/2+

resonance in 6He + p, but no such resonance was experimentally observed [2]

• The 1/2+ resonance is dominated by 2S1/2(
6Li(1+) + n) channel

• No 1/2+ resonance found in 6He + p channels

[1] Vorabbi et al. Phys. Rev. C 100, 024304 (2019)

[2] Dronchi et al. Phys. Rev. C 107, L061303 (2023)



Cross section of 6Li(n,p)6He reaction
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No-core shell model with continuum (NCSMC) [1]

• Describes both bound and scattering states
• System of nucleons described by intrinsic Hamiltonian

H = Trel +
∑

i<j

Vij

• Chiral N3LO nucleon-nucleon interaction used
• Wave function expanded in terms of NCSM [2] eigenstates and NCSM/RGM

[3,4] binary-cluster states:

+
X

⌫

Z
dru⌫(r)

<latexit sha1_base64="IpUfSVVQEeTeig+eoI1UHwIoM/s=">AAACEHicbVDLSgMxFM3UV62vqks3wSJWhDJTBV0W3bisYB/QKUMmk2lDk8yQhzAM/QQ3/oobF4q4denOvzF9LLR6IHByzr3ce0+YMqq06345haXlldW14nppY3Nre6e8u9dWiZGYtHDCEtkNkSKMCtLSVDPSTSVBPGSkE46uJ37nnkhFE3Gns5T0ORoIGlOMtJWC8vGpH1GVMpQpnTHiK8MDXxifCg0jCc3kU5UnMChX3Jo7BfxLvDmpgDmaQfnTjxJsOBEaM6RUz3NT3c+R1BQzMi75RpEU4REakJ6lAnGi+vn0oDE8skoE40TaZxeZqj87csSVynhoKznSQ7XoTcT/vJ7R8WU/pyI1mgg8GxQbBnUCJ+nAiEqCNcssQVhSuyvEQyQR1jbDkg3BWzz5L2nXa95ZrX57XmlczeMoggNwCKrAAxegAW5AE7QABg/gCbyAV+fReXbenPdZacGZ9+yDX3A+vgGVZJzl</latexit>

|
<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>

i
<latexit sha1_base64="W7kl9hCy1LhyuISuTnv2qfX5iJg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6adeq3lW19lCvNG7zOIpwBudwCR5cQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Kmj5k=</latexit>

|
<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>

i
<latexit sha1_base64="W7kl9hCy1LhyuISuTnv2qfX5iJg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6adeq3lW19lCvNG7zOIpwBudwCR5cQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Kmj5k=</latexit>

.

.
.

.

.
.

..
.

.
.

.
..

.
.

.
.

.

.

.
.

.
.

.

.
.

. .

.
.

.
.

.
.

. =
X

�

c�
<latexit sha1_base64="bdBota+F4Y07QXg00f6l/E6hPDo=">AAACFHicbZBNS8MwGMfT+Tbn29Sjl+AQBGG0U9CLMPTicYJ7gbWUNE23sCQtSSqUsg/hxa/ixYMiXj1489uYbUV08w+BH//neZI8/yBhVGnb/rJKS8srq2vl9crG5tb2TnV3r6PiVGLSxjGLZS9AijAqSFtTzUgvkQTxgJFuMLqe1Lv3RCoaizudJcTjaCBoRDHSxvKrJ25LUXgJ3ZCqhKFM6YwRV6Xcd5m5JUQQ/5Bfrdl1eyq4CE4BNVCo5Vc/3TDGKSdCY4aU6jt2or0cSU0xI+OKmyqSIDxCA9I3KBAnysunS43hkXFCGMXSHKHh1P09kSOuVMYD08mRHqr52sT8r9ZPdXTh5VQkqSYCzx6KUgZ1DCcJwZBKgjXLDCAsqfkrxEMkEdYmx4oJwZlfeRE6jbpzWm/cntWaV0UcZXAADsExcMA5aIIb0AJtgMEDeAIv4NV6tJ6tN+t91lqyipl98EfWxzdyYp5x</latexit>

r ... parameter coordinate playing role of distance between clusters
uν(r) ... continuous amplitudes representing intercluster relative motion
• Distribution of nucleons between clusters is called ”mass partition”
• Expansion coefficients cλ and amplitudes uν(r) calculated by solving NCSMC

equations on Lagrange mesh
• NCSMC equations can be solved for bound or scattering states by choosing

asymptotic form of uν(r)
• For scattering states asymptotic form of uν(r) determines scattering matrix
→ eigenphase shifts, properties of resonances, cross sections

Motivation

• Nuclear astrophysics, primordial nucleosynthesis, 3H for fusion energy generation
via 6Li(n,3H)4He
• Previous work [5] taking into account relevant mass partitions separately

predicts S -wave 1/2+ resonance in 6He + p just above proton separation energy
• No such resonance was experimentally observed [6]
• We couple mass partitions 6Li + n and 6He + p
• We also predict S -wave 1/2+ resonance just above proton separation energy,

but only in 6Li + n channel
• Coupling of mass partitions allows for calculation of charge-exchange reaction

6Li(n, p)6He

Reproduced resonances
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• Experimentally observed resonances reproduced in correct order
• Discrepancy between calculated and experimental widths

Predicted resonances
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• Two 1/2−, three 3/2−, three 5/2− and one 1/2+ resonances predicted

Predicted 1/2+ resonance

Eigenphase shift (solid line) and diagonal phase shifts (dashed lines):
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• The 1/2+ resonance is dominated by 2S1/2(6Li(1+) + n) channel
• No 1/2+ resonance found in 6He + p channels
• Discrepancy between previous NCSMC prediction and experiment explained

Spectrum
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• Bound-state energies independent of mass partition - well described by NCSM
• Results for resonances depend on mass partition, effect of coupling

Cross section of 6Li(n, p)6He
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• Threshold and overall shape reproduced, values overestimated, missing channels
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