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Light nuclei from first principles

redictive theory of structure and reactions of light nuclei

2ded for
Physics of exotic nuclei, tests of fundamental symmetries
*  Understanding of nuclear reactions important for astrophysics Seuterurt

*  Understanding of reactions important for energy generation

From first principles or ab initio:
Tntwn,

Understanding our S

Nuclei as systems of nucleons interacting by nucleon-
nucleon (and three-nucleon) forces that describe
accurately nucleon-nucleon (and three-nucleon) systems
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No-core shell model combined with
the resonating group method (NCSM/RGM)

approach to the solution of the A-nucleon bound-state problem
clear Hamiltonian

monic oscillator (HO) basis
omplete N,..,fi_| model space sk
e interaction due to the model space truncation
Similarity-Renormalization-Group evolved NN(+NNN) potential
& medium range correlations

ontinuum

E. Jurgenson et al., PRL 103, 082501 (2009)
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A microscopic approach to the A-nucleon scattering of clusters
amiltonian may be simplistic

e functions may be simplified and inconsistent with the nuclear Hamiltonian
orrelations, relative motion of clusters
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The ab initio NCSM/RGM in a snhapshot
H=)D f drgu(F) A O “’“"F‘*}l “ eigenstates of

\-/' in the ab initio

ll’g,t—a) ‘Vgi;) 8(? _ ?A—a,a) NCSM basis

-body Schrédinger equation:

HYW) — py) Tret(P) + Vier + Veeou(7) + Hia—a) + Hig)
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Solving the RGM equations

ic nuclear Hamiltonian, eigenfunctions of nucleon c!
scopic degrees of freedom: nucleon clusters
owns: relative wave function between the two clusters

cal integral-differential coupled-channel equations:

N+ V(N + ES? + E2|U 220+, | arr w, . (r,PyufEe
av

with R-matrix theory on Lagrange mesh imposing
nd state boundary conditions = eigenenergy + eigenfunction
ering state boundary conditions = Scattering matrix

nase shifts
sections The R-matrix theory on Lagrange mesh is an
elegant and powerful technique, particularly
for calculations with non-local potentials
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Solar p-p chain

p-p chain
86% 14%

aHe(sHe,Qp)‘lHe E‘He(a, '7)7Be
14% ‘ 0.02%
\
Be(e,v)7Li
"Li(p,a)*He 8B(e™, v)®Be
8Be(a)*He

Solar neutrino
E, < 15 MeV
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enormalization-Group
olved chiral N3LO NN
on
Accurate
Soft: Evolution parameter A
= Study dependence on A

SM up to Nmax=10s |mp0rtance 31 (a.) ; : : . :
=32 3 a1 ,
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Structure of the 8B ground state

p-"Be calculation 7
est ’Be states: 3/2', 1/2', 7/27, 5/2°, 5/2, ,;<"’
N SRG-N°LO with A = 1.86 fm" i ,

0.1

—_— 32 s=11=1

—_— 32 s=21=1
—-— 12 s=11=1
— = 72 s=31=1

Cowon 5/2:, state of 7Bq
should be includej
in "Be(p,y)*B

calculations

SRG-N’LO A=1.86 fm”'

p+7Be(3/2'+1/2'+7/2'+5/2'+5/2')

10 15 ’
r [fm]
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RGM calculation of p-’Be scattering
Be states 3/2-,1/27, 7/2-, 5/2-,, 5/27,
Soft NN potential (SRG-N3LO with A = 1.86 fm™")

p-"Be scattering

B 2" g.s. bound by 136 keV
(expt. bound by 137 keV)

New 07, 17, and two 27
predicted
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5B 2* g.s. bound by
136 keV
(expt. 137 keV)

Data evaluation:

S(0)=20.8(2.1) ¢V Iy

s=1/=1 2" clearly visible
in (p,p’) cross sections

RGM calculation of 7Be(p,y)®B radiative capture
Be states 3/2-,1/27, 7/2-, 5/2-,, 5/27,
Soft NN potential (SRG-N3LO with A = 1.86 fm™)

S(0) ~ 19.4(0.7) eV b
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Be(p,y)°B radiative capture
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The first ever ab initio calculations of "Be(p,y)°B

4/12/2012



L TRIUMF

Structure of the unbound °He nucleus

R ERoriunity 1o study the n-He scattering phase shifts
ion of nuclear structure as a
ion of increasing number of
trons
oes the ground state of °He present
e same parity inversion observed in
e neighboring '"Be and "OLi ?
ontroversy on the nature of S,
ontribution to the °He spectrum

periments:
o< -10 fm (Chen et al.) [PLB 505, 2001]
~ -3 fm (Al Falou, et al.) [arXiv: 1008:0543] 2 B, [Mev] 3

S- and P-wave diagonal phase shifts
i Scattering length a, ~ -12.6 fm
8 + - -
+ 8He(g.5.,2,1), Ny = 13 Is the soft SRG-N3LO NN potential realistic for A=9?

3-NELO NN pot. (A=2.02 fm-)

g.s. parity inv. for exotic N=7 nuclei, well established in 'Be and '°Li, disappears for °He?
More NCSM/RGM calculations under way...
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AD initio calculation of the *H(d,n)*He fusion

h/%’&(H-E]ﬁJﬁ} (;r’,%“i‘(H‘E)-‘:eaw
(ﬁ?“!&w'g)”ﬁ:) <€§HKQ[H-E)423HP$>
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d+3H and n+*He elastic scattering: phase shifts

T

— nt'He, d+'H
n+'He
—— nocoupling |

3 3
d+H—d+H — d+3H,d*+3H
-- d'H
--- no coupling

1 10
E, [MeV] E,, [MeV]

in

SH elastic phase shifts:
Resonance in the 4S5, channel

epulsive behavior in the 2S,,
nel = Pauli principle

d* deuteron pseudo state in 3S;-*D; channel:
deuteron polarization, virtual breakup

n+*He elastic phase shifts:

d+3H channels produces s

increase of the P phase
Appearance of resona
3/2+ D-wave, just ab
threshold

The 4-*H fusion takes place through a transition of 4+°H is S-wave to #+*He in D-wave:
Importance of the tensor force
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3H(d,n)*He and 3He(d,p)*He cross sections

d+'H - n+'He

*
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0ss section improves with the inclusion of virtual breakup of the
eron weakly bound: easily gets polarized and easily breaks
effects included below the breakup threshold with continuum dis

tales o deuteron pseudo state in 35,-2D, channel; d* deuteron pseudo state in °D, channel

First ab initio results for d-*H and d~*He fusion:
Very promising, correct physics, can become competitive with fitted evaluations ...
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3H(d,n)*He cross section

N3LO (A=1.45 fm-") NN potential

osition of the resonance matches experiment

120, :

3 4
H(d,n) He
SRG-N’LO NN A=1.45 fm”"
9d* + 5d*

¥ tavdApen ok

R87
— d+9d*+5d*

SRG-N’LO A=1.45fm™ ]

Improvements:

Excitations of 3H, *He; #-p->H rather than #, #*, NNN interaction...
Potential to address unresolved fusion research related questions:
H(d,n)*He fusion with polatized deuterium and/or tritium,
H(d,ny)*He bremsstrahlung ...
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NCSM/RGM calculation of the 3He+a scattering

A-3)| o+ A-3) A-3)| ot 5+ A-3)
SD< # a4 Vi >SD [SD<'//§" e a4%1 >SD]

Calculations for a=3 projectile under way on jaguar supercomputer
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Ab initio calculations of *He+a scattering:
First results (preliminary, incomplete)

[ T T T
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Calculations for a=3 projectile under way:
Soft SRG interactions (A=1.5 fm', A=1.86 fm-1)
Virtual breakup of 3He included by pseudostates (in 1/2+ channel so far)
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New developments: NCSM with continuum

The idea behind the NCSMC

NCSM/RGM ._l‘,.

x=Ntix (W™EHN2)y = EX
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New developments: NCSM with continuum

The idea behind the NCSMC
‘3'

0577y = 3 [ ara el e
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NCSM/RGM NCSMC
with up to three SHe states with up to three “He states
% 23 and three "He eigenstates
s More 7-nucleon correlations
56 210 Hern Fewer target states needed
g
1797, 21 Expt @i
"He .
. -0.445
“He +n
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NCSM/RGM NCSMC
with three SHe states with three ‘He states
and three "He eigenstates
More 7-nucleon correlations
Fewer target states needed

1.327
5.6, (24,1,0°)| “He + 20

0.529
“He +3n

797 8 Expt. G Experimental controversy:
"He "\ s EXistence of low-lying 1/2- state
*et .. not seen in this calculations

T=0%
SHe T
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Conclusions and Outlook

CSM/RGM approach we are extending the ab initio €
oe low-energy reactions and weakly-bound systems

irst 7Be(p,y)®B ab initio S-factor calculation

uteron-projectile results with SRG-N3LO NN potentials:
d-*He scattering PRC 83, 044609 (2011)

First ab initio study of 3H(d,n)*He & 3He(d,p)*He fusion

PRI 108, 042503 (2012)

8He scattering and °He structure
e-‘He and 3He-®He scattering calculations
initio NCSM with continuum (NCSMC)
-cluster NCSM/RGM and treatment of three-body continuu
of NNN force

e projectile
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